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Key Points
• Atrial level communications include any of the following: (1) ostium secundum atrial septal defect (ASD), (2) ostium primum atrial septal defect, (3) sinus venosus atrial septal defect, and (4) coronary sinus atrial septal defect. The common ASD among these are the ostium secundum ASD representing approximately 70% of all ASDs. With all of the ASDs, signifi cant pulmonary hypertension rarely occurs before the third to fourth decade.
• Fifty percent or more of ventricular septal defects (VSDs) close spontaneously in early childhood, even as late as adolescence. The VSDs with large left-to-right shunts may lead to severe pulmonary hypertension with bidirectional or right-to-left shunting and cyanosis in the adult.
• Patent ductus arteriosus leads to a continuous systolic diastolic murmur under the left clavicle and places the patient at risk for infection at the ductus site, and when it leads to a large left-to-right shunt, may cause severe pulmonary hypertension.
• Aortic valve stenosis in the child and early in adulthood is usually caused by a bicuspid or a unicuspid valve.
• Supravalvular aortic stenosis occurs in two settings.
Williams syndrome is a dysmorphic syndrome caused by a mutation of the elastin gene or chromosome 7, often associated with hypercalcemia in infancy. The second group of patients with supravalvular aortic stenosis have a familial form without hypercalcemia, dysmorphic features, or behavioral abnormalities.
• Subvalvular aortic stenosis has three types: membranous subaortic stenosis, a fi bromuscular tunnel type, and an idiopathic hypertrophic subaortic stenosis type.
• Pulmonary stenosis may be valvular, supravalvular, or subvalvular.
• Congenital mitral stenosis in adults is uncommon. Shone syndrome describes the occurrence of multiple levels of obstruction to blood fl ow into and out of the left ventricle and in the aorta. The classic picture includes mitral stenosis with a parachute mitral valve (single papillary muscle), subaortic stenosis, a bicuspid aortic valve, and coarctation of the aorta.
• Tricuspid stenosis is generally acquired rather than congenital and causes include rheumatic heart disease, carcinoid syndrome, and right atrial myxoma. • Ebstein's anomaly consists of downward displacement of the tricuspid valve "atrializing" the infl ow tract of the right ventricle. Tricuspid insuffi ciency, right-to-left shunts at the atrial level, and supraventricular arrhythmias often coexist.
• Coarctation of the aorta as manifested in the adult is almost always at or just distal to the ligamentum arteriosum and the take-off of the left subclavian artery. This often leads to hypertension in the arms and reduced pressures and pulses in the lower extremities sometimes with some growth retardation in the legs.
• Tetralogy of Fallot consists of a large VSD, pulmonary stenosis, either valvular or infundibular or both, right ventricular hypertrophy, and overriding of the ventricular septum by a dilated aorta.
• Transposition of the great arteries in the adult exists as D-transposition, L-transposition, and double-outlet RV.
• Truncus arteriosus exists as three types. Type I has a common trunk, but this gives rise to separate ascending aorta and pulmonary trunk. In type II, the truncus extends up to the right and left pulmonary artery bifurcations. In type III, there is no separate pulmonary trunk.
In 1897, Maude Abbott wrote her fi rst paper on heart murmurs. The following year she was made curator of the McGill University medical museum in Montreal. She began a formal study of congenital heart disease by studying pathologic specimens, encouraged by Sir William Osler. In 1908, Osler included Abbott's chapter on congenital heart disease in his text called Modern Medicine. 1 That chapter was the defi nitive statement on congenital heart disease in the early 20th century. In 1936, Abbott published her classic text, Atlas of Congenital Cardiac Disease, 2 in which she described hundreds of pathologic specimens and provided the framework that allowed congenital heart disease to move past being a curiosity.
In 1930, early in her career, Helen Taussig was appointed to head the cardiac clinic at the Harriet Lane home at Johns Hopkins Hospital in Baltimore. In a revolutionary way, she began to understand the patterns that differentiated children born with various forms of congenital heart disease. She recognized that the degree of pulmonary blood fl ow profoundly affected the long-term course of many children with more severe congenital heart disease. She began to look for a way to apply this observation. In 1941, Alfred Blalock moved from Vanderbilt University to Johns Hopkins Hospital and, shortly after Blalock's move, Taussig approached Blalock and proposed that he attempt to attach the subclavian artery to the pulmonary artery to augment pulmonary blood fl ow in children with critically restricted pulmonary blood fl ow. In 1944, the fi rst operation was performed that came to be known as the Blalock-Taussig operation. The fi rst three applications of this "B-T shunt" were described in 1945 and the door to real therapy for children with congenital heart disease was opened. 3 Successful open-heart surgery to correct septal defects in humans was ushered in by the pioneering work of C. Walton Lillehei, 4 who closed a ventricular septal defect in a 4-yearold boy, using the boy's father for cross-circulation in 1954. In the early days of open-heart surgery, the results of surgery frequently were uncertain. Also, there were many adults with congenital heart disease who had grown up before the development of heart surgery. Congenital heart disease clinics were fi lled with patients with unoperated congenital heart disease, some of whom had survived into adulthood. Today, most children with signifi cant congenital heart disease have palliative or corrective surgery in infancy or childhood. Some of these operations are "reparative" while others are best described as complex palliations. Today, the cardiologist with an interest in congenital heart disease in adults sees a combination of patients whose course is often characterized by when and where they were born. 5 There are still patients with Eisenmenger's syndrome (pulmonary hypertension with severe cyanosis due to unrepaired congenital heart disease associated with chronic shunts), surviving into adulthood, who would have avoided that tragic complication through reparative surgery if they had been born a decade later. 6 Others have been surgically corrected but may have sequelae related to either their native disease or some complication of therapy. Some remain with significant cardiovascular disease because their defect was too complex to repair. And fi nally, there are patients with conditions that escape detection during routine physical examination, such as atrial septal defect and bicuspid aortic valve.
It has become increasingly apparent that patients who have undergone surgical correction of congenital heart disease frequently have complications later in adulthood. The ligation and division of a patent ductus arteriosus perhaps comes closest to a complete cure. Even patients with closed atrial septal defects occasionally are plagued in later life by supraventricular tachyarrhythmias, especially atrial fi brillation and atrial fl utter. Therefore, most patients seen by cardiologists interested in adult congenital heart disease are those with previously "corrected" congenital heart disease who have sequelae later in life. However, a signifi cant minority consists of those with hitherto undiagnosed congenital heart disease, inoperative heart disease, or congenital heart disease for which the patient has refused surgery. Signifi cant advances in therapy, including surgery, pacemakers, better treatment modalities for heart failure, and improved management of hyperviscosity syndromes, have increased the life expectancy of such patients.
In earlier eras of congenital heart disease care, the physician who cared for adults could ignore some of the more common defects, such as hypoplastic left heart syndrome (HLHS), as children with HLHS and some of the other complex defects never survived to adulthood. Some defects, such as bicuspid aortic valve or ventricular septal defect are much more common, and survival into adulthood has been the rule for decades. This chapter concentrates on both the most common congenital heart defects, as well as some of the rarer defects that have the potential to present on a regular basis to adult cardiology clinics.
The incidence of congenital heart disease varies with the population studied and the age of the patients in the study. In general, though, the order of frequency for the 10 most common congenital heart defects is as follows:
because the natural history of the disease will have been altered by the operation itself. This demands thorough knowledge of the operative techniques used at the time of surgical intervention-many of which have changed considerably in recent years. 8 
Left-to-Right Shunt Lesions
The most frequent physiologic abnormality caused by congenital heart disease is left-to-right shunting, resulting in pulmonary overcirculation. 9 The term left-to-right shunt refers to blood in the systemic circulation (i.e., pulmonary veins, left atrium, left ventricle, or aorta) shunting into the circulation somewhere after the blood leaves the systemic capillary bed and before it reaches the pulmonary capillary bed. Abnormal communications can exist at atrial or ventricular levels, the shunting can be atrioventricular or aortopulmonary, or the pulmonary veins can connect somewhere other than the left atrium. Such communications result in shunting of blood, the direction of fl ow being determined by the pressure gradient or the difference in resistance between pulmonic and systemic circulation. Typically, the dominant direction of fl ow at these abnormal connections is from the systemic circulation into the pulmonary circulation (i.e., left to right) because the impedance of the pulmonary vasculature is much lower than the impedance in the systemic circulation.
A unique physiologic situation exists if the defect results in formation of a common mixing chamber. For example, a subset of complete atrioventricular (AV) canal defects consists of complete absence of the atrial septum (common atrium). In total anomalous pulmonary venous connection (TAPVC), the right atrium (RA) serves as the common mixing chamber. In both common atrium and TAPVC, the systemic venous return and the pulmonary venous return mix completely at the atrial level, before entering the ventricles. A functionally single or common ventricle in which the other ventricle is rudimentary would constitute a mixing chamber. Finally, the septum between the aorta and the pulmonary artery and the outlet portion of the ventricles may be absent (i.e., truncus arteriosus). In all four of these situations, there will always be some degree of arterial desaturation, regardless of the pulmonary vascular resistance (PVR).
Atrial Septal Defect
Atrial level communications may include any of the following [9] [10] [11] : 1. Ostium secundum atrial septal defect, representing nonclosure of the foramen ovale
In practice, the overwhelming majority of atrial septal defects (ASDs) are ostium secundum ASDs, representing about 70% of all atrial communications. Ostium primum ASD is second in prevalence. Sinus venosus ASD is uncommon, and coronary sinus ASD is extremely rare. Patients with uncomplicated atrial communications frequently arrive at adulthood undiagnosed (Table 10 .1).
Atrial Septal Defect, Ostium Secundum Type
Atrial septal defect, ostium secundum type, is the most common newly diagnosed congenital heart disease in the adult, possibly matched only by the bicuspid aortic valve. 7, 9, 10, 12, 13 It is helpful here to review the circulatory physiology in the fetus in order to describe how ASDs develop and physiologically present during life. During fetal life, the pressures in the pulmonary artery and the aorta are equal; the fetal right ventricle (RV), being adapted for pressure, has the same compliance as that of the left ventricle (LV). Blood returning from the placenta (oxygenated blood) fl ows via the umbilical vein through the ductus venosus and preferentially shunts across the foramen ovale. Vestigial preferential right-to-left streaming from the inferior vena cava can be demonstrated in adults with atrial septal defects by echocardiography or by indicator dilution techniques; the clinical counterpart is paradoxical embolization. At birth, with the infant's fi rst breath, there is an immediate drop in PVR, which gradually decreases to normal in the fi rst few months of life. At the same time, the RV undergoes regression of myocardial hypertrophy, gradually changing from its cylindrical confi guration and thick walls to that characteristic of the adult, in which the cavity is more crescentic and the wall thinner than that of the LV. Therefore, in the fetus, there is virtually no left-to-right shunting across the defect. If the defect persists, as the PVR falls and the compliance of the RV increases, left-to-right shunting results and pulmonary fl ow may be two to fi ve times the systemic fl ow. With time, both the RA and the RV enlarge.
Signifi cant pulmonary hypertension seldom occurs before the third or fourth decade. [12] [13] [14] The mechanism by which pulmonary hypertension develops is not well understood. It may rarely start in childhood. Although high fl ow is implicated, it takes many decades for pulmonary hypertension to develop, and not all patients develop pulmonary hypertension. 15 Progressive right ventricular enlargement and hypertrophy may lead to decreased compliance of the RV compared with that of the LV, and therefore, the exclusive left-to-right shunt also yields some right-to-left shunting. Right-to-left shunting is not a direct effect of the relative pressures of the pulmonary artery and of the aorta, but rather of the compliance of the two ventricles. If left ventricular compliance also decreases, the atrial pressures rise, and classic signs of congestive heart failure (CHF) may be present. The pulmonary artery pressure in atrial septal defects with shunt reversal is almost always signifi cantly lower than the systemic pressure. This contrasts with ventricular septal and aortopulmonary defects, in which shunt reversal and pressure equalization go hand in hand. Approximately 10% of patients with atrial septal defects have one or more anomalously connected pulmonary veins. Mitral insuffi ciency may coexist in 10% to 20% of these patients. 16 The mitral insuffi ciency may be due to prolapse of the posterior leafl et of the mitral valve associated with secundum ASD and signifi cant right ventricular enlargement. 16 An interesting syndrome has been described (Lutembacher's syndrome) in which an atrial septal defect coexists with mitral stenosis; 17 in this disorder, patients remain relatively asymptomatic until pulmonary hypertension develops because the atrial septal defect decompresses the LA, and therefore the left atrial pressure is not elevated despite signifi cant mitral valve obstruction. [17] [18] [19] Patients with ostium secundum-type ASDs are seldom symptomatic until they begin to experience pulmonary hypertension, usually after the fourth decade, 20 if it occurs. It may not occur, however. Unlike the other atrial communications, there is a 2 : 1 female to male preponderance in cases of secondary ASD and this defect is sometimes familial. 21 There is usually a soft systolic fl ow murmur due to markedly increased pulmonary blood fl ow. The clinically diagnostic feature, however, is a wide splitting of the second heart sound (S 2 ), which does not noticeably change with the respiratory cycle. This wide, fi xed splitting of the S 2 is variably attributed to a variety of theoretical physiologic phenomena. Most likely, it is caused by increased capacitance of the pulmonary arterial circulation and corresponding decreased impedance. This increased capacitance leads to a prolonged "hangout interval" at the end of systole. Respiration has a minimal effect on capacitance in this setting, so the splitting of S 2 is wide and fi xed. The electrocardiogram (ECG) almost always shows an rSR' confi guration in lead V 1 . The R' is thought to be caused by late activation of the crista supraventricularis. This may explain why, after successful closure of the atrial septal defect, wide splitting of the second heart sound often persists. The development of pulmonary hypertension accentuates the pulmonary component of the second heart sound, P 2 , and ultimately cyanosis appears, at least with exercise if not at rest.
Laboratory Findings
Radiographic evaluation of patients with ASDs ( Fig. 10.1) shows an enlarged heart caused by dilatation of the RA and the RV. The central pulmonary arteries are usually large, with radiographic evidence of increased pulmonary blood fl ow. When signifi cant pulmonary hypertension develops, the radiologic evidence of increased pulmonary fl ow decreases, and the central pulmonary arteries are often described as a "pruned tree" (Fig. 10.2 ). The ECG is characterized by an rSR' in lead V 1 , usually with a normal QRS axis. When pulmonary hypertension develops, electrocardiographic evidence of right ventricular hypertrophy may become manifest in the form of a tall R wave in lead V 1 and a rightward QRS axis.
The echocardiographic picture of ostium secundum atrial septal defects shows an enlarged RA and RV. The ventricular septum moves paradoxically. The atrial septum can be seen as a "dropout," especially by transesophageal echocardiography. Shunting is demonstrable by color-fl ow Doppler, and the pulmonary artery pressure can be estimated if there is tricuspid insuffi ciency.
Cardiac catheterization is no longer indicated to confi rm the diagnosis of an atrial septal defect. However, it is appropriate in middle-aged patients to characterize the pulmonary hemodynamics and to evaluate coexisting coronary artery disease (CAD) before surgical correction, and also to rule out anomalous pulmonary veins, if they are not accounted for by echocardiography, for consideration of surgical correction.
Prognosis
Patients with normal or mildly elevated PVR are usually asymptomatic, even with vigorous physical activity. They may have atrial arrhythmias and are at risk for paradoxical embolism. However, the development of signifi cant pulmo-FIGURE 10.1. Posteroanterior (PA) radiograph in a female patient with a large atrial septal defect. The cardiac silhouette is markedly enlarged, the pulmonary vasculature is increased, and the main pulmonary artery is huge. The aorta is inconspicuous, and there is prominence of the right atrial border.
nary hypertension causes functional impairment, heart failure, and shortened life span, but severe pulmonary hypertension develops only in a minority of patients (<15%). However, there is substantial evidence that the persistence of the larger left-to-right shunt in itself shortens life expectancy, with survival beyond age 50 years of age being less than 50%. Factors contributing to this include the development of pulmonary hypertension, which overtaxes the volume-overloaded RV. The decreased diastolic compliance of the aging LV may further increase the left-to-right shunting, and supraventricular tachyarrhythmias and paradoxical embolism further complicate the course. 14, 16, 22 
Treatment
Because the mortality risk of surgical closure of an uncomplicated secundum atrial septal defect is approximately 1% or less, and the adverse consequences (i.e., pulmonary hypertension, paradoxical embolism, and shortened life expectancy) have a higher risk, early closure should be recommended, even when patients are asymptomatic. However, when there is severe pulmonary hypertension, especially with right-to-left shunting, the pulmonary/systemic fl ow ratio may be closer to 1, and closure would be contraindicated since ASD closure would not be expected to improve pulmonary hypertension. In such cases, lung transplantation with closure of the defect or heart-lung transplantation could be considered. 23, 24 Closure of the ASD should be recommended, even if patients are asymptomatic; if there is signifi cant pulmonary overcirculation. If the Qp : Qs ratio is less than 1.3-1.5 : 1, there may not be evidence to support defect closure, either by surgery or by catheter-placed device.
However, small ASDs found in childhood may not need closure. There is some evidence favoring waiting because about half of such patients have spontaneous closure of the defect (age 8.4 years). 25 
PERCUTANEOUS REPAIR
Open-heart surgery for the closure of defects in the atrial septum is currently the "gold standard" for treatment of such patients. The mortality rate for this procedure is close to 0% in most contemporary reports. 26 However, open-heart surgery is a major procedure, with its attendant morbidity, need for intensive care, and signifi cant hospitalization. The complication rates after surgical closure of atrial septal defects in adult patients can be as high as 13%. 27 The pioneering work of King and Mills 28, 29 resulted in the development of a double-umbrella ASD device and established the feasibility of occluding ASDs with percutaneous devices. The need for a 23-French delivery sheath and the cumbersome procedure led to its abandonment. Many other devices were subsequently developed, including the Rashkind single-disk device, 30 the Lock USCI "clamshell" device, [31] [32] [33] [34] [35] the "buttoned" device, [36] [37] [38] [39] the ASDOS device, [40] [41] [42] [43] the Manodisk device, 44 the Das Angel Wings, the Amplatzer device, the Cardioseal, and a modifi cation of the Cardioseal called the Starfl ex, and the Helex device. [45] [46] [47] [48] [49] [50] [51] [52] Currently, the most popular device is the Amplatzer (AGA Medical Corp., Golden Valley, MN). It is favored for its ease of insertion, low profi le during insertion, and potential for retrievability if the implantation is unsatisfactory. Investigation of several devices is ongoing and it is likely that "full-service" catheterization services will eventually employ more than one device, depending on the unique nature of an individual ASD. 53 The closure of hemodynamically signifi cant ASDs in adults is now becoming the standard of care 54 and, when compared with surgical closure, performs well from the standpoint of outcome and cost. 55 
Late Complications
Occasionally, patients have arrhythmias late, following successful surgical ASD repair or device closure [56] [57] [58] [59] [60] ( Fig. 10.3 ). Sinus node dysfunction often precedes the onset of more complicated arrhythmias. Sick sinus syndrome may develop with alternating bradycardia and tachycardia. The tachyarrhythmias that are common are atrial fl utter and atrial fi brillation. Endocarditis does not occur in cases of isolated ostium secundum ASD.
In patients in whom closure of an ASD is contraindicated by a high pulmonary vascular resistance, treatment is based on symptomatic care. Adequate control of the ventricular rate, especially with atrial arrhythmias, and judicious use of oxygen are helpful. Anticoagulation with low-dose warfarin (Coumadin) is advisable to minimize paradoxical embolism. Endocarditis does not occur in patients with the secundum type of defect per se, because fl ow across the large defect is at a low pressure. However, if mitral valve prolapse coexists, the considerations for infective endocarditis prophylaxis would be those pertaining to isolated mitral valve prolapse. Cardiopulmonary transplantation would be a consideration in patients with advanced pulmonary vascular disease who are disabled. Ostium Primum Atrial Septal Defect Ostium primum ASD is an endocardial cushion defect in which the septum primum (i.e., the lower portion of the atrial septum) fails to develop, as does the atrioventricular septum. In this situation, the anterior leafl et of the mitral valve is attached to the ventricular septum in a somewhat lower position than normal and is therefore at the same level as the tricuspid valve. The anterior leafl et is cleft and, because of its lower position, has characteristic angiographic 61 and echocardiographic 20 features. The mitral valve cleft is associated with various degrees of mitral regurgitation. Typically, the hemodynamic disturbance of an ostium primum ASD is more severe than an ostium secundum ASD. This is particularly true if there is signifi cant mitral valve insuffi ciency. It is rare for a patient with an ostium primum ASD to reach adulthood undiagnosed.
The clinical diagnosis of an ostium primum ASD has many of the features of those associated with a secundumtype ASD (i.e., hyperactive RV; wide, fi xed splitting of the second heart sound; and a pulmonary fl ow murmur). However, there is usually an additional murmur of mitral insuffi ciency. This does not necessarily radiate to the axilla, because the regurgitant jet is directed more medially than toward the free wall of the LA. If the mitral regurgitation is severe or if pulmonary hypertension develops, decreased exercise tolerance and exertional dyspnea can be expected. Examination fi nding may also include a left ventricular fi lling sound [the third heart sound (S 3 ) of mitral insufficiency] and a fourth heart sound (S 4 ). The chest x-ray result is very similar to that of a secundum-type ASD unless there is severe mitral insuffi ciency, in which case there is evidence of left atrial enlargement as well. The ECG has the characteristic rSR' in lead V 1 , but in addition, the frontal plane QRS axis is always leftward, and there is often fi rst-degree heart block ( Fig. 10.4) . With pulmonary hypertension, the chest leads show right ventricular hypertrophy ( Fig. 10.5 ).
Until and unless pulmonary hypertension develops, the atrial shunting is left to right, and there is no cyanosis. When the mitral insuffi ciency is severe, there may not be a significant elevation of atrial pressures, because the RA has high capacitance and the RV is adapted for volume overload and accepts the increased left-to-right shunt. However, with a decrease in compliance of a failing RV due to chronic volume overload or a hypertrophied RV because of pulmonary hypertension, atrial pressures rise, and the pulmonary venous pressure can be estimated from inspection of the neck veins.
The natural history of ostium primum ASDs differs signifi cantly from that of a secundum-type ASD. Ostium primum defects are susceptible to infective endocarditis of the cleft mitral valve. If the mitral regurgitation is severe, patients may have dyspnea and left ventricular dysfunction, and if the right ventricular compliance is compromised, there are signs of both right ventricular and left ventricular failure.
Patients with complete AV canal seldom survive to late adulthood without cardiac surgery. The ECG shows left axis deviation, right ventricular hypertrophy, large P waves, and various degrees of AV block ( Fig. 10.6 ). 
Laboratory Studies
The echocardiogram classically demonstrates a low-lying ASD with no continuity between the anterior leafl et of the mitral valve and the aortic valve, and a cleft in the anterior leafl et of the mitral valve. 20 The mitral and tricuspid valves are at the same level. There is mitral insuffi ciency of varying degree, an enlarged RV, paradoxical septal motion, and enlarged atria. Angiographically, the left ventriculogram reveals a "goose-neck" deformity ( Fig. 10.7 ), related to the unusual attachment of the anterior leafl et of the mitral valve, and some degree of mitral insuffi ciency. 
Prognosis
The large left-to-right shunt may eventually lead to pulmonary hypertension. The cleft mitral leafl ets result in increasing mitral regurgitation and left ventricular dysfunction and is susceptible to infective endocarditis. Finally, AV block may develop as part of the natural history of endocardial cushion defects.
Treatment
The defi nitive treatment for an ostium primum defect is early surgical closure. 62 The 
Prognosis
The prognosis for ostium primum atrial septal defects that have undergone surgical closure depends on the degree of pulmonary vascular disease, complications associated with mitral valve prostheses, and left ventricular function. If the mitral insuffi ciency has been relatively severe and longstanding, even mitral valve replacement may provide only a short-term reprieve from eventual failure of the LV.
Common Atrium
Common atrium is a variant of AV canal defect. It is characterized by a total absence of the atrial septum and a cleft in the anterior leafl et of the mitral valve. The clinical profi le differs from classic AV canal in that these patients invariably have right-to-left shunting at the atrial level. Frequently, patients with a common atrium have some cyanosis, if not at rest at least with exercise, because the common atrium acts as an incomplete mixing chamber. The ECG is essentially the same as with an ostium primum atrial septal defect. The echocardiogram differs in that there is complete absence of the atrial septum. Because of the pulmonary overcirculation, these patients are symptomatic at an earlier age than other atrial septal defects, and surgical creation of an atrial septum is usually performed in the fi rst year of life.
Sinus Venosus Atrial Septal Defect
Sinus venosus ASD is an ASD located posteriorly subjacent to the superior vena cava. It is almost always associated with the anomalous insertion of at least one pulmonary vein adjacent to the superior vena cava. Clinically, it is indistinguishable from a secundum type of atrial septal defect. On echocardiography, the defect is seen posteriorly rather than in the area of the foramen ovale, and an anomalous pulmonary vein can be identifi ed. Successful surgical closure of this defect is more diffi cult because of the presence of an anomalous pulmonary vein adjacent to the superior vena cava, and some degree of dehiscence of the patch near that area is common. As long as the residual left-to-right shunt is small, it should not cause diffi culty. 63, 64 Coronary Sinus Atrial Septal Defect A congenital defect may occur between the coronary sinus and the LA, which results in a left-to-right shunt that physiologically resembles an atrial septal defect. 65 The cause of a coronary sinus ASD is unroofi ng of the coronary sinus into the left atrium. This entity can be suspected when echocardiography fails to identify an ASD in the presence of clinical and radiographic evidence of a left-to-right shunt. Cardiac catheterization yields an oximetry series that is consistent with a shunt at the atrial level. A useful maneuver is to introduce the catheter into the coronary sinus, which is not diffi cult in the hands of an experienced operator. The coronary sinus yields a rather high oxygen saturation, in contrast to the normally very low saturation. It may be diffi cult to distinguish between a coronary sinus ASD and partial anomalous pulmonary venous connection to the coronary sinus. However, the coronary sinus ASD is more proximal, and sampling of the more distal blood in the coronary sinus should yield a low saturation, whereas with an anomalous pulmonary venous connection to the coronary sinus, there is a higher saturation throughout the coronary sinus. This entity is of some clinical importance because the coronary sinus ostium can be rather large, and there have been rare instances in which the coronary sinus ostium has been mistakenly closed for an atrial septal defect.
Partial Anomalous Pulmonary Venous Connection
The connection of one or more pulmonary veins to a structure other than the LA should be considered in patients with clinical or radiographic evidence of left-to-right shunting at the atrial level. 66 Partial anomalous pulmonary venous connection may occur with no atrial communication. 67 It may coexist in approximately 10% of secundum-type ASDs. The insertion may be directly into the superior vena cava; into a vertical vein that goes into the innominate vein and then into the superior vena cava; into the RA directly; to the coronary sinus 68 ; or, rarely, into the inferior vena cava (scimitar syndrome) 69 ( Fig. 10.8 ). If the cardiologist is alert to the possibility, the echocardiographer who is warned is usually able to identify these. They may also be identifi ed through cardiac catheterization techniques using selective pulmonary arteriography (including the levophase) or by means of selective indicator dilution techniques. It is important to be alert to these veins because the closure of an ostium secundum-type ASD alone only partially decreases the left-to-right shunt if several anomalous pulmonary veins coexist.
Ventricular Septal Defects
Isolated ventricular septal defects (VSDs) are infrequently seen in adults. 70 Fifty percent or more of VSDs close spontaneously in early childhood, even as late as adolescence. 71, 72 If the VSD is small, these defects are associated with little or no hemodynamic disturbance of the LV and result in only a small left-to-right shunt and no pulmonary hypertension. Large defects are associated with equalization of pressure in the two ventricles and therefore in the pulmonary artery. In a large VSD, the direction and the degree of shunting are determined by the relative resistances of the pulmonary and systemic circuits. The right-to-left and the left-to-right shunts are more or less balanced if the resistances in the systemic and pulmonary circulations are equal. This is the classic Eisenmenger complex. Large defects with a low to mildly elevated PVR have large left-to-right shunts with severe volume overload of the LV. These are almost invariably discovered by a pediatric cardiologist, and the defect is closed. 72 Therefore, in adults, the common forms of congenital ventricular septal defect are either large ones of the Eisenmenger physiology or those in association with pulmonary stenosis, in which the pulmonary circulation is "protected" from the development of pulmonary vascular disease. Occasionally, one may see patients who have a moderate-size ventricular septal defect, a large left-to-right shunt, and an enlarged LV and are symptomatic who present as adults (often coming from areas of the world without sophisticated medical care). Unless there are separate, serious comorbid factors, and pulmonary vascular resistance is not severely elevated, the defect should be closed.
The most common form of congenital isolated ventricular septal defect is of the so-called perimembranous type, which is posterior and inferior to the crista supraventricularis, involving what would be the membranous septum and some of the adjacent muscular septum. 73 This is situated just under the septal leafl et of the tricuspid valve and is subtended by the aortic valve. The bundle of His courses along the posterior rim of this defect and therefore is not affected, but it is vulnerable during surgical closure of the defect. Single or multiple muscular septal defects may also occur as isolated congenital lesions. 73 In early infancy, up to 50% of isolated VSDs are in the trabecular septum. Later, muscular VSDs are present in about 10% of the cases of VSD. They are generally multiple and small, so that even in the presence of large shunts, there is seldom signifi cant elevation of the right ventricular or pulmonary artery pressure. Although many of these defects close spontaneously, they may persist and are diffi cult to close completely at the time of surgery because of heavy trabeculation on the right ventricular aspect of the ventricular septum. The seemingly logical left ventricular approach to closure of the lesion would seriously compromise the contractility of the LV.
The predominant type of congenital isolated VSD seen in adults is that termed the Eisenmenger complex (i.e., a large VSD with severe pulmonary vascular obstruction and bidirectional shunting). 74 Small Ventricular Septal Defect (Maladie de Roger)
Patients with small VSDs are totally asymptomatic. The volume overload of the LV is minimal to mild. The heart size remains normal, and pulmonary hypertension does not develop on the basis of this defect alone. The sole risk is that of infective endocarditis.
Rarely, a moderate-size defect may be converted to a smaller defect by adhesion of the septal leafl et of the tricuspid valve, aneurysm formation of the membranous septum, or prolapse of an aortic cusp. This prolapsed cusp may in time become adherent to the VSD, partly occluding it functionally. The patient may then present with primarily aortic regurgitation and a small VSD.
The diagnosis of a small VSD is made clinically by the characteristic holosystolic murmur, starting with the fi rst heart sound. This holosystolic murmur should not be mistaken for mitral insuffi ciency. It is loudest at the left sternal border but does not radiate to the neck. In mitral regurgitation caused by a redundant anterior leafl et, the murmur is transmitted to the axilla, whereas if it is associated with a redundant posterior leafl et, it radiates medially and often is transmitted to the neck. The chest x-ray study and ECG are usually normal. The diagnosis is best confi rmed echocardiographically with the color-fl ow Doppler technique. 75, 76 It is also readily visualized on the left ventriculogram ( Fig. 10.9 ). If this is truly a small VSD and not one that has been made small by the prolapse of an aortic cusp, surgery is not indicated unless there are other unrelated cardiac defects that require surgical correction. The prognosis is good, and the chief precaution is the need for prophylaxis against infective endocarditis. If a "small" VSD is associated with signifi cant aortic regurgitation due to a prolapsed cusp, the major consideration is that of the aortic regurgitation.
Large Ventricular Septal Defect
The rare patient who survives into adulthood with a large VSD and a large left-to-right shunt but without severely elevated pulmonary vascular resistance may exhibit symptoms similar to those of patients with signifi cant mitral insufficiency, both representing examples of left ventricular volume overload. The chief manifestation is exertional dyspnea as a consequence of elevated left ventricular fi lling pressure causing elevated pulmonary venous pressure. Radiographic studies show cardiomegaly, primarily of the LV, and enlarged central pulmonary arteries with radiologic evidence of increased pulmonary fl ow. The ECG may show tall voltages in the chest leads associated with left ventricular volume overload. Echocardiography is essential not only to confi rm the large left-to-right shunt but also to determine the type and the location. 77 Cardiac catheterization is helpful in defi ning the pulmonary hemodynamics for surgical risk assessment and for ultimate prognosis. Left ventricular angiography in several views is very helpful. Some of these patients may unexpectedly experience a systolic gradient between the RV and the pulmonary artery (Gasul's phenomenon) without having true pulmonary stenosis. 78 Surgical closure of VSDs is associated with conduction abnormalities in as many as 15% of cases, consisting of right bundle branch block and left-axis deviation 79, 80 ( Fig. 10 .10). Rarely in the current era, damage to the conduction system can result in complete AV block, necessitating placement of a pacemaker. There are no extensive data on the late occurrence of complete AV block, but it appears to be uncommon. 79 These conduction abnormalities are related to the close proximity of the bundle of His to the posterior wall of the VSD. Currently, transcatheter device closure of certain VSDs, particularly certain muscular VSDs and perimembranous defects, are being used effectively.
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Eisenmenger's Complex
Eisenmenger's complex is by far the most common presentation of a large VSD in adults. 74 These patients exhibit equalized pressures and resistances in the pulmonary and systemic circuits from early childhood onward ( Fig. 10.10 ). At rest, the patients have a bidirectional shunt. With physical exertion and a decrease in systemic vascular resistance (SVR), the right-to-left shunting increases, resulting in increased arterial desaturation and fatigue. There is an inability to increase pulmonary blood fl ow with exercise, so the magnitude of right-to-left shunt increases as systemic oxygen delivery demands increase with exercise and systemic blood fl ow increases. Therefore, these patients are self-restricting and seldom need to have physical restrictions arbitrarily imposed. The longevity of such patients is variable. Causes of death include sudden cardiac death, infective endocarditis, brain abscess, massive hemoptysis, and hyperviscosity. By x-ray study, the heart size may be normal, the central pulmonary arteries are markedly dilated, and there is no evidence of increased pulmonary fl ow ( Fig. 10.11 ).
Echocardiography characteristically demonstrates the location of a large VSD and bidirectional shunting. 86 It can also differentiate between an isolated VSD with normally related great vessels from one associated with congenitally corrected transposition with double-outlet RV.
Cardiac catheterization characterizes the hemodynamics (i.e., a large VSD through which the venous catheter can be manipulated into both the aorta and the pulmonary artery), severe pulmonary hypertension with markedly elevated PVR, and bidirectional shunting. 87 Continued survival of such patients requires careful follow-up and management. 88 The erythrocytosis is a consequence of arterial desaturation, and symptoms of hyperviscosity are peculiar to each patient. Most patients have correlating symptoms, such as visual disturbances, lightheadedness, or a "funny feeling," at which time it may be appropriate to phlebotomize them, simultaneously replacing the blood loss with intravenous saline. It is seldom necessary to bring the hemoglobin to much below 20 g. The use of phlebotomy is controversial; it is variably applied at different adult congenital heart centers. The patients' symptoms appear to be a better guide than arbitrary numeric guides. A word of caution is necessary here, however. Repeated phlebotomies without iron supplementation result in an iron-defi ciency anemia that can worsen symptoms of hypervisco-sity due to the effects of iron defi ciency on red cell function. In iron defi ciency, the red blood cells are small and more rigid, which increases viscosity. Therefore, iron supplementation may be necessary. Rapid erythrocyte turnover may also lead to folate defi ciency, which may require folic acid supplementation. These patients should also be cautioned to maintain adequate fl uid intake during hot weather and during exertion. Patients with Eisenmenger's complex do not progress to CHF unless other factors supervene, such as ventricular dysfunction. The RV is adapted to pressure work, and there is no volume overload. However, injudicious and excessive phlebotomies may render the patient relatively anemic, especially if associated with iron defi ciency, and CHF may ensue. In some patients, moderate pulmonary insuffi ciency may develop, creating a volume overload situation that can also lead to CHF. Treatment of CHF in Eisenmenger's syndrome is controversial. Historically, digoxin and cautious diuresis were employed. There is some evidence to support judicious use of afterload reduction, but this therapy has the risk of increasing the right-to-left shunt and aggravating the cyanosis. If the patient has an iron-defi ciency anemia, often owing to repeated phlebotomies, cautious transfusion of packed red blood cells is sometimes helpful, as is iron replacement. Current treatment regimens include bosentan, sildenafi l, and iloprost, and outcomes appear to be improved. 88 Many patients with Eisenmenger's complex manage to do reasonably well, holding down full-time jobs and performing many normal activities, although they are not capable of performing strenuous exertion. Ultimately, increasing pulmonary vascular disease with increasing right-to-left shunting and increasing erythrocytosis make existence diffi cult, and such patients should be considered for heart-lung transplantation.
Patent Ductus Arteriosus
The ductus arteriosus is the main fetal path through which oxygenated umbilical cord blood perfuses distal to the aortic arch of the fetus. With delivery and the baby's fi rst breath, there is an immediate drop in PVR, resulting in a reversal of the shunt through the ductus arteriosus. Usually, the ductus arterious constricts and is functionally closed by 18 hours after birth. Patency may persist for several weeks without any consequences. The pathophysiologic consequences of persistent patency of the ductus arteriosus depend on the size of the ductus and, to a lesser extent, on the length. 89 There is a continuous left-to-right shunt during systole and diastole through the ductus as long as the PVR is lower than the systemic resistance. Predisposing factors for a patent ductus arteriosus (PDA) are maternal rubella in the fi rst trimester of pregnancy, prematurity, and high altitude.
Restrictive Patent Ductus Arteriosus
Most patients with restrictive PDA are asymptomatic because the left-to-right shunt is generally mild to moderate. The pathophysiology is similar to that of aortic regurgitation, and there is a rapid run-off with some degree of left ventricular volume overload. The classic physical fi nding is the machinery murmur of Gibson, 90 heard best in the left subclavicular region and continuous throughout the whole cardiac cycle. This is not to be confused with long murmurs in systole and diastole, such as may occur in combined aortic stenosis and regurgitation, in which the directional shift in fl ow is marked by a short hiatus between the systolic and the diastolic components. The murmur is identical to that heard in an AV fi stula, which it in fact resembles physiologically. The radiographic study in patients with a small PDA shows a normal heart size with normal pulmonary vasculature. There is a tendency, however, for the aortic arch to be somewhat wider than usual for the patient's age. With a moderate left-to-right shunt, the heart size may increase somewhat over time, and there may be a suggestion of increased pulmonary blood fl ow.
The echocardiogram shows evidence of fl ow into the left pulmonary artery because the ductus is usually between the distal aortic arch and the proximal left pulmonary artery 91 shortly after bifurcation. During cardiac catheterization, it is usually possible to manipulate the venous catheter from the proximal left pulmonary artery through the ductus into the descending aorta. The pulmonary artery pressure should be measured simultaneously with the systemic arterial pressure.
PROGNOSIS
The prognosis for PDAs with small-to-moderate left-to-right shunt is excellent, the chief risk being endocarditis. Over time, though, the likelihood of endocarditis is signifi cant. Cardiac catheterization can help to determine the status of the pulmonary vasculature.
Because the PDA is extracardiac, its ligation and division do not require open-heart surgery, making the surgical risk virtually the risk of anesthesia only. At present, however, there are transcatheter techniques for closure of a patent ductus, and these are quite suitable for most patients with a PDA who have persistent patency after the fi rst few months of life. 92 
Large Patent Ductus
With normal or even moderately increased PVR, patients with large PDAs have a large continuous left-to-right shunt ( Fig. 10.12 ). They are only rarely seen as adults because the FIGURE 10.12. Posteroanterior radiograph of patient with a large patent ductus arteriosus. There is moderate cardiomegaly, with increased pulmonary vasculature and marked enlargement of the main pulmonary artery segment (arrow in prominence of the aorta).
volume overload of the LV and the resultant symptoms betray the diagnosis in childhood, at which time the defect is corrected. A large PDA seen in adulthood is almost always one with a PVR slightly less than, equal to, or even greater than the SVR, with either a small bidirectional shunt or an exclusively right-to-left shunt. In many respects, this resembles the Eisenmenger complex associated with a ventricular septal defect (Fig. 10.13) . 93 The patients experience significant exercise limitations because peripheral vasodilation serves to increase right-to-left shunting and further arterial desaturation. However, unlike the situation in the Eisenmenger complex with a ventricular septal defect, the natural history of a high-pressure, high-resistance PDA may lead to right-sided CHF if the pulmonary artery dilation results in signifi cant pulmonary insuffi ciency. The resulting volume overload of the RV with an intact ventricular septum can lead to decompensation.
The clinical history is that of exercise limitation and sometimes angina-like symptoms with exertion, associated with defi nite cyanosis. Classically, the cyanosis should involve the left hand and the feet and not so much the right hand, although this is occasionally seen (Fig. 10.14) . Far more common, however, is cyanosis and clubbing of all four extremities, possibly because of reversal of fl ow in the ascending aorta during early diastole. Sometimes there is hoarseness caused by compression of the recurrent laryngeal nerve, especially if the PDA becomes aneurysmal. Hemoptysis may occur, presumably because of the pulmonary hypertension. 94 
LABORATORY STUDIES
The chest x-ray evaluation is characterized by a prominent aortic arch and large central pulmonary arteries. If the PVR is high, the peripheral pulmonary vasculature appears "pruned," as in the Eisenmenger complex. The heart is usually of normal size. Examination of the heart may disclose only a systolic murmur or no murmur, prominent palpable pulsation of the main pulmonary artery, and a loud P 2 . Radiographically, it is possible to see the PDA as a slightly oblique shadow between the distal portion of the aortic arch and the pulmonary artery. This is especially evident when there is calcifi cation of the ductus (Fig. 10.13 ).
Echocardiographically, a high-pressure PDA is best seen by the transesophageal technique. Cardiac catheterization is used to defi ne the pulmonary hemodynamics, and the PDA can be visualized angiographically for the surgeon.
PROGNOSIS
In a large PDA in which there is still an appreciable left-toright shunt and in which the pulmonary/systemic fl ow ratio is greater than 1.5 : 1, the ductus can still be divided and ligated with the anticipation that the pulmonary artery pressure will fall. However, the PVR will remain somewhat elevated. When pulmonary fl ow and systemic fl ow are equal, as are their respective resistances, closure of the PDA is contraindicated, and the only treatment would be heart-lung transplantation. 24, 95 Endocardial Cushion Defects
The crux of the heart refers to the area where the atrial septum, the ventricular septum, the mitral valve, and the tricuspid valve all come together. The structures that make up this part of the heart are formed by endocardial cushion tissue during development as the common atrioventricular canal is divided. Defects in this part of the heart have been FIGURE 10.13. Posteroanterior radiograph of patient with patent ductus arteriosus and severe pulmonary vascular disease, as indicated by calcifi ed plaque in the pulmonary arteries (curved white arrow). The ductus arteriosus itself is also calcifi ed (black arrow). Pulmonary artery segment and aortic knob are markedly enlarged. variably referred to as endocardial cushion defects, atrioventricular canal defects, and atrioventricular septal defects. Each nomenclature has a group of passionate defendants. The severity of disease caused by abnormal development and division of the atrioventricular canal ranges from minor abnormalities of the mitral valve such as a cleft in the anterior leafl et to much more severe disturbances such as a complete atrioventricular canal defect or complete atrioventricular septal defect. The anterior leafl et of the mitral valve is almost invariably cleft in this group of defects. Defi ciency of the primum atrial septum at the crux is referred to as an ostium primum ASD. Alternatively, this abnormality has been referred to as a partial atrioventricular canal defect. The combination of an ostium primum ASD and a pressurerestrictive VSD is conventionally referred to as a transitional atrioventricular canal defect. A large ASD and a large inlet VSD is referred to as a complete AV canal (septal) defect. Typically, there is a large common AV valve that sits over both ventricles. This common AV valve has four to six leaflets, including an anterior bridging leafl et and posterior bridging leafl et that "bridge" the ventricular septum. Defects of the AV septum make up the most common type of defects seen in Down syndrome.
Clinical Presentation
The clinical presentation of ostium primum ASD and its close relative, common atrium, was discussed earlier.
Complete AV canal defect in adults may present in association with either pulmonary stenosis or pulmonary hypertension. In the latter case, it has many of the characteristics of the Eisenmenger syndrome. These patients have a high incidence of cyanosis. The heart is enlarged, and there is a loud P 2 . There is an absent P 2 in cases with associated pulmonary stenosis, and a loud ejection systolic murmur is heard if pulmonary stenosis is present. Evidence of AV valve regurgitation may be observed by evaluation of deep jugular pulses.
Laboratory Studies
The chest x-ray shows an enlarged heart with a large pulmonary arterial tree and, if there is no pulmonary stenosis, evidence of increased pulmonary blood fl ow. Both ventricles and both atria are enlarged. The ECG may be similar to that of an ostium primum ASD (i.e., rSR' in the anterior chest leads, left-axis deviation, and often fi rst-degree AV block). Echocardiography visualizes the low-lying ASD, a corresponding VSD, and the characteristic straddling AV valve. 20 If there is pulmonary stenosis, this can be seen with colorfl ow Doppler techniques, and the degree of stenosis can be estimated. Measurements should be made of the pulmonary hemodynamics with quantifi cation of the left-to-right and the right-to-left shunts and the respective resistances. Because of the cyanosis, there is secondary erythrocytosis, which must be carefully managed as discussed earlier.
Prognosis
Long-term survival with a complete atrioventricular septal defect, without surgery, is uncommon, and such patients rarely survive into adulthood.
Treatment
Treatment is surgical unless there is irreversible pulmonary vascular disease. If there is severe pulmonary vascular disease, heart-lung transplantation is the only option. In earlier eras, patients with Down syndrome were often denied surgical therapy. More recently, though, this has not been a consideration, and children with Down syndrome routinely do well following surgery. Over the long term, postoperative morbidity is related to the adequacy of the mitral valve function. Repair of the cleft mitral valve in endocardial cushion defects is challenging and patients are almost always left with some degree of mitral insuffi ciency. This can be severe enough to require a second operation to repair or replace the mitral valve. Additionally, if the atrioventricular tissue is inadequate or the cleft in the anterior leafl et is repaired overaggressively, there can be concomitant mitral stenosis following repair.
Congenital Valve Abnormalities
Aortic Stenosis
Congenital obstruction of the outfl ow tract of the left ventricle in the adult is overwhelmingly due to valvar disease and commonly results from the development of aortic stenosis because of a congenital bicuspid or unicuspid valve. 96, 97 The incidence of aortic valve disease is four to fi ve times higher in males than in females. 98 Idiopathic hypertrophic subaortic stenosis and asymmetric septal hypertrophy, now known as hypertrophic cardiomyopathy (HCM), are different disorders from valvular aortic stenosis and are discussed separately.
Aortic Valve Stenosis
In nonelderly adults, aortic stenosis typically develops because of a bicuspid (or unicuspid) aortic valve. 99, 100 This is sometimes seen in association with coarctation of the aorta. 101 In general, the valve causes little or no hemodynamic disturbance for the fi rst several decades of life and, in fact, may never cause any hemodynamic disturbance at all. Progressive aortic regurgitation may develop, especially in young adulthood. It appears that most valves with this abnormality develop progressive thickening and fi brosis after the third or fourth decade of life. Over time, increasing calcifi cation and progressively severe aortic stenosis (AS) develops. The presence of mild AS may be associated with progressively severe aortic regurgitation when inadequate coaptation outweighs inadequate opening of the valve. 101 Bacterial endocarditis may also transform the pathophysiologic disturbance from predominant stenosis to predominant regurgitation.
The course of the disease, once stenosis begins, tends to be relentless but has a highly variable timetable. In general, the progression to severe AS may take decades, although on rare occasion may be rapid. After signifi cant AS develops, the natural history is similar to that of acquired AS. The classic ominous symptoms are syncope, angina, and CHF. Sudden death is a threat even when mild symptoms are noted. 98, [102] [103] [104] However, evaluation for surgery should be undertaken if there has been any subjective change in exercise tolerance or in the patient's general sense of well-being. Most patients with predominant AS have well-preserved left ventricular function if exertional syncope is the primary manifestation. Although angina may occur in severe AS without concomitant CAD, CAD is not uncommon in the presence of AS and should always be evaluated when surgery on the aortic valve is contemplated. [105] [106] [107] The appearance of overt CHF is usually of ominous prognostic consequences, although some patients may recover virtually normal left ventricular function after successful surgery. Approximately 5% of patients with a bicuspid aortic valve (BAV) have associated cystic medial disease of the aorta, which can become the basis of an aortic dissection. Coarctation of the aorta is sometimes associated with a BAV (it is far more common for coarctation of the aorta to be associated with a BAV, rather than the reverse), which has its own inherent natural history and complications. 108 Before the aortic valve has become heavily calcifi ed, the presence of a BAV has classic physical examination fi ndings. The most characteristic feature of a BAV is a loud systolic ejection click, which coincides with the doming of the aortic valve toward the end of isovolumetric contraction of the LV. 109 In a younger age group, this may be the only physical examination fi nding, although commonly there is an aortic systolic murmur that starts after the ejection sound. The ejection click is usually somewhat pronounced, and it is likely that the doming of the aortic valve prolongs the phase of isovolumetric contraction. 109, 110 The aortic systolic murmur, if present, starts with the ejection click and may be of variable intensity. 98, 111 The second heart sound characteristically preserves both components (A 2 and P 2 ) until signifi cant AS develops, when the second sound becomes single. There may or may not be an early diastolic blowing murmur of aortic regurgitation. The peripheral pulse contour characteristically shows an anacrotic notch. In general, the more severe the stenosis, the more delayed the upstroke and the lower the anacrotic notch on the upstroke. 98, 112 Classically, the heart is not enlarged.
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If the aortic valve is heavily calcifi ed, it can be visualized, especially in the lateral view of the chest fi lm, and can be readily seen on fl uoroscopy. A characteristic associated fi nding is dilation of the ascending aorta ( Fig. 10.15) . 114 This dilation is asymmetric, anterior, and to the right and is believed to be due to the direction of the abnormal fl ow pattern across the bicuspid aortic valve. This "poststenotic dilatation" can be observed even when there is no systolic gradient across the aortic valve. The ECG may be unremarkable throughout the course of the disease up to the time of surgery, although it may demonstrate a characteristic "strain" pattern of left ventricular hypertrophy in some patients.
DIAGNOSIS
The clinical diagnosis of aortic valve stenosis is made by auscultating the characteristic ejection systolic murmur, which is harsh, heard in the upper right sternal border and suprasternal notch, and radiates to the neck. 98 This murmur may be mimicked by mitral insuffi ciency associated with an "overshooting" of the posterior mitral valve leafl et directing the regurgitant jet anteriorly and medially, giving rise to a murmur best heard along the left sternal border and sometimes heard in the neck. [115] [116] [117] Valvar pulmonary stenosis may also be heard in the neck. An aortic ejection sound strongly suggests the presence of a BAV. With that, many or most such aortic valves become more stenotic. 7, [118] [119] [120] [121] The ejection sound may gradually disappear, and its absence is associated with increasing fi brosis and calcifi cation of the valve leafl ets. The fi rst heart sound is characteristically soft, and the A 2 component of S 2 gradually diminishes as the stenosis becomes progressively more severe. A soft diastolic murmur of aortic insuffi ciency is not uncommon as the cusps become more rigid. As the stenosis becomes more severe, an S 4 becomes prominent and may sometimes be mistaken for S 1 . The peripheral pulses show an anacrotic notch and a somewhat delayed upstroke. In general, the lower the notch, the more severe the stenosis. The heart is usually not grossly enlarged unless there is a signifi cant degree of aortic insuffi ciency.
Radiographically, the heart is typically of normal size unless there is signifi cant concomitant regurgitation, possibly with some calcifi cation of the aortic valve and "poststenotic" dilatation of the ascending aorta, as previously described (Fig. 10.16 ). The ECG, even in cases of severe aortic stenosis, may range from normal to that characteristic of left ventricular hypertrophy with a "strain" pattern ( Fig. 10.17 ) and may not be helpful in the clinical evaluation of severity. The echocardiogram shows a thickened aortic valve, which becomes increasingly immobile as it becomes more calcifi ed. The LV exhibits concentric hypertrophy, and the systolic gradient across the aortic valve can be estimated by the velocity of the systolic jet. 124, 125 Similarly, aortic insuffi ciency can be visualized.
On cardiac catheterization, the LV can be entered either retrograde across the stenotic aortic valve or by transseptal puncture from the femoral venous approach to the LA and then the LV. Angiography shows the characteristic poststenotic dilatation of the ascending aorta, which does not involve the aortic ring or sinuses. Simultaneous pressures across the aortic valve can be measured, and with simultaneous measurement of cardiac output, the valve area can be calculated from the Gorlin formula, 126, 127 assuming inconsequential aortic regurgitation. If the patient has CHF, the clinical picture must be modifi ed to include left ventricular dilation, decreased contractility, and a ventricular gallop rhythm.
TREATMENT
There is no absolute aortic valve area that clearly dictates intervention. In general, the patient who is normally active, who has no symptoms, and in whom the clinical signs and the echocardiogram do not suggest severe aortic stenosis can be safely watched. Even when the evidence points to significant aortic stenosis, the total absence of symptoms should outweigh the objective measurements of valve orifi ce size in continuing careful observation and follow-up. 98 However, with even mild changes in status that can be ascribed to the heart, together with the physical signs of signifi cant aortic stenosis that are confi rmed by echocardiography and catheterization, surgical replacement of the aortic valve should be seriously considered. These changes may involve merely a subtle change in well-being or a slight decrease in exercise tolerance. 128 It is advisable to proceed with cardiac catheterization when it is felt that surgery is imminent, both to confi rm the clinical and echocardiographic evidence and to visualize the coronary arteries. It is not wise to wait until major symptoms arise, because the incidence of sudden death rises dramatically. 129 In patients with AS and angina, there is a signifi cant incidence of coexisting CAD. 105, 106 Treatment involves surgical replacement of the calcifi ed valve 130, 131 by a prosthetic valve, and coronary artery bypass grafting, if indicated. Even patients older than 80 years of age may benefi t from valve replacement; they have an operative mortality of 9.4% and a good outcome in 81% of cases described. Porcine bioprosthesis is especially suitable in the elderly, in whom the longevity of such prostheses is better than when they are implanted in younger patients. Balloon valvuloplasty has been useful in children but disappointing (but improving) in adults, for whom the benefi ts are of limited duration, especially with a stiff, calcifi ed valve. [132] [133] [134] [135] More recently, innovations have occurred including percutaneous valve repair and replacement approaches, which appear to have promise. 135, 136 Long-term follow-up on a large cohort of 462 patients with congenital aortic stenosis (mostly children) showed that with gradients of less than 50 mm Hg, medical follow-up is appropriate, whereas with gradients of more than 80 mm Hg, intervention is clearly indicated. 130 
Supravalvar Aortic Stenosis
Supravalvar aortic stenosis typically occurs in two settings. 137, 138 Williams syndrome is a dysmorphic syndrome caused by a mutation of the elastin gene on chromosome 7, 139 most typically a deletion. Often, there is hypercalcemia in infancy. Affected people have characteristic facies and characteristic personality traits and limits in learning. As infants, there is often pulmonary artery branch stenosis, which regresses with time. At the time of diagnosis in infancy, there may be no real supravalvar aortic obstruction, but over time the aortic obstruction tends to be progressive. There is also another group of patients with supravalvar aortic stenosis that is familial. These individuals appear to have autosomal dominant transmission and do not have the fi ndings of dysmorphic features, hypercalcemia in infancy, or behavioral abnormalities. On physical examination, there is usually no ejection click, but there is a harsh ejection murmur at the right upper sternal border that transmits prominently into the carotid arteries. Additionally, there is a peculiar physical examination fi nding, caused by the Coanda effect. The Coanda effect causes the jet of blood passing through the supravalvar narrowing to track along the greater curve of the aorta and into the innominate artery and subsequently into the right subclavian artery. This creates a higher systolic blood pressure in the right arm than in the left arm or the legs. While the pathophysiology seems similar to aortic valve stenosis, there are some important differences. The coronary artery origins are proximal to the obstruction. Since coronary fl ow is most prominent in diastole, coronary blood fl ow may be compromised in severe obstruction because blood fl ow back from the aorta into the coronary arteries is compromised. Also, ostial stenosis is often present, causing even more coronary compromise. As the obstruction tends to be progressive, treatment typically consists of surgical repair once there is more than mild stenosis.
Subaortic Stenosis
Subvalvar aortic stenosis has three types: membranous subaortic stenosis, 98 ,140 a fi bromuscular tunnel type, 98, 141 and an idiopathic hypertrophic subaortic stenosis type. Discrete subaortic stenosis may be familial. 98, 142 Membranous subaortic stenosis or subaortic rings are uncommon in adults. An aortic systolic murmur and often an aortic diastolic murmur are present, the latter resulting from aortic valvar regurgitation. This is postulated to be related to damage to the aortic valve caused by the jet of blood fl owing through the obstructive membrane. 143 In patients who have a predominantly muscular ring, a characteristic Brockenbrough's sign may be observed after premature beats (i.e., a fall in the aortic systolic pressure and an increase in the ventricular pressure after an extrasystole). Treatment of this condition involves resection of the ring. At surgery, the resection may be incomplete, to avoid damage to the conduction system or the anterior leafl et of the mitral valve. 143, 144 Idiopathic hypertrophic subaortic stenosis is an older term for one of the fi ndings in some patients with hypertrophic cardiomyopathy. This disorder is not discussed in this chapter.
Pulmonary Stenosis
Pulmonary stenosis (PS) can be valvar, supravalvar, or subvalvar. Although pulmonary stenosis may occur as an isolated anomaly, it is often associated with an ASD, VSD, or transposition of the great arteries (TGA).
Pulmonary Valve Stenosis
Pulmonary valvar stenosis typically is caused by commissural fusion and is associated with a dome-shaped valve. Alternatively the valve may be dysplastic. 145, 146 The consequent obstruction to right ventricular outfl ow results in right ventricular hypertrophy and, when severe, an increase in the right ventricular fi lling pressure. Patients with isolated mild PS usually do well, [147] [148] [149] whereas those with moderate (peak-to-peak systolic gradient of 50 to 80 mm Hg) or severe stenosis (systolic gradient >80 mm Hg) should be considered for intervention. 150, 151 Multiple peripheral PSs are rare in the adult (Fig. 10.18 ). These are almost always associated with one of several clinical syndromes, including the following:
1. Williams syndrome [137] [138] [139] 2. Noonan syndrome 152, 153 3. Congenital rubella syndrome 154 In patients who have an associated patent foramen ovale, right-to-left shunting at rest may occur during atrial systole (during which the right atrial pressure exceeds that of the LA) or during exercise or tachycardia, when the pressure in the RA may exceed that of the LA throughout the cardiac cycle, resulting in arterial desaturation. These elevated right atrial pressures result from the decreased compliance of the hypertrophied RV. The Valsalva maneuver at rest may cause a transient increase in the right atrial pressure relative to that of the LA during its release.
Mild PS (systolic gradient <50 mm Hg) is compatible with a normal existence, the chief risk being infective endocarditis. 155 In increasingly severe degrees of PS, the degree of right ventricular hypertrophy increases and may result in early and signifi cant right-to-left shunting at the atrial level if there is an atrial communication, or right ventricular failure. This is now an extremely rare eventuality when adequate medical facilities are available and early intervention can be instituted.
DIAGNOSIS
Pulmonary stenosis is always associated with a pulmonary ejection systolic murmur. 111 Pulmonary valve stenosis is usually loudest at the left upper sternal border and has prominent radiation to the lungs rather than the neck. On auscultation, it may be diffi cult to distinguish from an aortic systolic murmur because the pulmonic systolic murmur may also be heard in the neck. Two subtle auscultatory features help to confi rm the diagnosis of PS versus AS. In PS, the ejection systolic murmur should be heard throughout the duration of right ventricular systole, and thus beyond A 2 and ending with P 2 . Furthermore, the pulmonary systolic murmur is better heard over the left side of the back as opposed to the right. This phenomenon is related to the anatomy of the pulmonary arteries; anatomically, the left pulmonary artery is almost a direct continuation of the main pulmonary artery, whereas the right pulmonary artery comes off at a right angle. There is often a systolic ejection sound (click). The ECG may be normal in mild pulmonary stenosis, but with increasing severity, the ECG demonstrates an increasing right ventricular hypertrophy in the chest leads and a tendency to right axis deviation. The chest x-ray is characterized by a normal heart size with a right ventricular confi guration and a left heart border showing prominence of the main and left pulmonary arteries (Figs. 10.19 and 10.20) . Calcifi cation of the pulmonary valve is very rare. Patients with only subpulmonary stenosis do not exhibit pulmonary artery dilatation. In patients whose stenosis is far advanced, increasing cardiomegaly is present owing to enlargement of the RV and RA. The skilled observer may suspect "decreased pulmonary blood fl ow" by the vascular pattern on the chest fi lm. However, this is more refl ective of the decreased pulse pressure in the pulmonary arteries than of decreased pulmonary FIGURE 10.18. Tracing the pulmonary artery pressure as the catheter is being advanced distally. Note the sudden drop in pressure as the catheter advances. This patient had the clinical pressure of tetralogy of Fallot with a large ventricular septal defect. The obstruction to pulmonary fl ow was in the more distal pulmonary arteries rather than at the pulmonary valve. fl ow because it is the same as the cardiac output. The echocardiogram demonstrates a dome-shaped stenotic pulmonary valve, the severity of which can be gauged by Doppler determination of the pressure gradient and assessment of coexisting infundibular stenosis. Pulse oximetry can be useful to detect an associated right-to-left atrial level shunt.
When stenosis is mild, the ECG is usually normal. With moderate to more severe PS (systolic gradient >50 mm Hg), right ventricular hypertrophy is seen in the chest leads, and "P pulmonale" will be increasingly evident (Fig. 10.21) .
Cardiac catheterization for direct measurement of the systolic gradient across the pulmonic valve, combined with simultaneous cardiac output measurements, permits calculation of valve orifi ce size by the Gorlin formula. 126 The catheter may cross a probe-patent foramen ovale, and, if so, a comparison of the oxygen saturation of the pulmonary vein and that of the systemic artery indicates whether a significant right-to-left shunt is present. Angiography in the RV visualizes the valve and right ventricular outfl ow tract stenosis.
PROGNOSIS
In the modern era, the prognosis is usually good because the striking murmur demands cardiac evaluation and, when indicated, intervention. However, such patients are always at risk for infective endocarditis.
TREATMENT
Treatment of isolated pulmonary valvar stenosis formerly entailed surgical valvuloplasty, but increasingly, the treatment of choice is percutaneous transvenous balloon valvuloplasty. [156] [157] [158] [159] This is the noninvasive analogue of the older Brock procedure (pulmonary valvotomy) 160 but with more adequate dilatation of the valve. Treatment with balloon valvuloplasty is highly successful and can be repeated if the dilatation is inadequate or restenosis occurs. [161] [162] [163] If there is a coexisting probe-patent foramen ovale, consideration should be given to its closure because late paradoxical embolism is possible, but during balloon dilation, it may be protective. 164 Several devices are now able to close atrial communications by transcatheter techniques. 165, 166 Long-term follow-up of patients with PS shows that the probability of survival is similar to that of the general population after 25 years (95.7%) whether medically or, when indicated, surgically/catheter treated. Survival is somewhat shorter when associated cardiomegaly is present.
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Subpulmonary Stenosis
Subpulmonary stenosis is relatively uncommon as an isolated lesion but is the more common type of pulmonary stenosis associated with a ventricular septal defect (tetralogy of Fallot). 168 Pulmonary stenosis can be either membranous or infundibular and may be clinically indistinguishable from pulmonary valvar stenosis. However, pulmonary valvar stenosis is associated with poststenotic dilatation of the main pulmonary artery, which is readily seen on chest x-ray, and the echocardiogram is defi nitive. When the condition is severe, the treatment is surgical, with either resection of the obstruction or roofi ng of the outfl ow tract by patching. 169, 170 On rare occasion, the "stenosis" may be caused by a tricuspid valve aneurysm during systole. 171 
Mitral Stenosis
Congenital mitral stenosis (MS) in adults is uncommon. Shone syndrome is the term used to describe the occurrence of multiple levels of obstruction to blood fl ow at levels of fl ow into and out of the left ventricle and in the aorta.
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The classic picture includes MS with a parachute mitral valve (a single papillary muscle), subaortic stenosis, a bicuspid aortic valve, and coarctation of the aorta. These patients typically require intervention in infancy and often repair will be staged with different lesions requiring intervention at different ages. In adulthood, the clinical picture may resemble that of rheumatic mitral stenosis, in that there is a long and initially asymptomatic history followed by gradually increasing exertional dyspnea and fatigability. Atrial fi brillation may develop secondary to enlargement of the LA as a consequence of the stenosis.
Cardiac examination does not identify the opening snap characteristic of rheumatic mitral stenosis, and a diastolic rumble may or may not be present. However, there may be signs of pulmonary hypertension associated with a loud P 2 and an active RV. The defi nitive examination is echocardiography, both transthoracic and transesophageal. However, hemodynamic studies at cardiac catheterization are important for the characterization of pulmonary hemodynamics and for the search for other features of the Shone syndrome.
Treatment consists of excision of the mitral valve with valve replacement, and removal of the supravalvar ring if this is signifi cantly stenotic.
Tricuspid Stenosis
Congenital tricuspid stenosis is extremely rare as an isolated lesion. 174, 175 Most cases of adult tricuspid stenosis are acquired, such as those associated with rheumatic fever, carcinoid syndrome, or right atrial myxoma.
Echocardiography provides a defi nitive diagnosis by demonstrating a stenotic tricuspid valve with an enlarged RA. Cardiac catheterization is usually unnecessary unless the coexistence of other anomalies cannot be entirely excluded by echocardiography.
Atrioventricular Valvar Regurgitation
Atrioventricular (AV) valvar regurgitation, long held to always be pathologic, is now seen as a phenomenon that may at times be "normal" under certain conditions when it is minimal. This has become clear with newer, highly sensitive echocardiographic techniques. Near-instant closure of the AV valves is dependent on normal sinus rhythm, an optimal PR interval, and normal ventricular function. The swiftness of AV valve closure is greatest when there is sinus rhythm with a normal PR interval, resulting in a ventricular contraction that generates the steepest ventricular pressure rise as a consequence of the presystolic atrial "boost." Therefore, in atrial fi brillation, mild valve regurgitation may occur in the presence of a normal valve. Similarly, in marked fi rst-degree AV block, mild regurgitation may occur because atrial systole is not timely. In AV dissociation or third-degree heart block, mild AV valve regurgitation may be intermittent, depending on the timing of atrial contraction in relation to ventricular systole. Normally, one may see mild tricuspid regurgitation, even with sinus rhythm. Thus, pathologic valvar regurgitation entails more than trivial regurgitation in the presence of sinus rhythm and a normal PR interval.
Mitral Valve Regurgitation
Isolated congenital mitral regurgitation is rare. Rarely, an isolated cleft in the anterior leafl et of the mitral valve can lead to mitral regurgitation. A cleft in the anterior leafl et of the mitral valve usually is in the spectrum of AV canal or endocardial cushion defects.
Aortic Valve Regurgitation
Congenital aortic valve insuffi ciency is extremely uncommon. There have been rare reports of absence of the aortic valve. These patients have severe aortic valve insuffi ciency with severe consequences on cardiac output and ventricular function. Patients born with an absent aortic valve require surgical valve replacement, most typically with a homograft valve, early in the neonatal period.
Ebstein's Anomaly
Ebstein's anomaly consists of downward displacement of the tricuspid valve so that the septal and posterior leafl ets are adherent to the right ventricular wall, thus to a greater or lesser extent "atrializing" the infl ow tract of the RV. 176, 177 The tricuspid valve is deformed and may assume a cribriform appearance, and it is invariably associated with tricuspid regurgitation. Some evidence has linked this anomaly to maternal use of lithium. 178 The physical fi ndings show a characteristic "quadruple cadence" consisting of S 1 , one or multiple clicks ("sail sound") produced by the upward motion of the billowing anterior leafl et, and wide splitting of S 2 due to right bundle branch block.
In mild cases of Ebstein's anomaly, there is little or no functional disturbance, and the condition is compatible with a normal life expectancy. When the condition is severe, the entire infl ow tract is functionally atrialized, and there is little pump function of the RV. There is an associated atrial communication, with a patent foramen ovale or an ASD in 50% of patients. If right-to-left shunting occurs, cyanosis and fatigability ensue. The large "atrium" also predisposes to atrial fi brillation. The chest x-ray is characteristic and has been described as a "pumpkin" heart ( Fig. 10.22) .
The diagnosis is made by echocardiography to delineate the tricuspid valve, assess right ventricular function, and look for right-to-left shunting. 177, 179 The ECG may show one of two patterns: WolffParkinson-White pattern 180 or an unusual right bundle branch block with a "splintered" QRS complex in V 1 or V 2 ( Fig. 10.23 ). These patients may have an accessory AV pathway that predisposes to supraventricular tachyarrhythmias (SVTs).
Treatment
No treatment is needed when the condition is mild. 181 If there is considerable atrialization of the RV and some function in the remaining RV, tricuspid valve replacement or reconstruction with closure of the ASD may be indicated. 182 Electrophysiologic studies are appropriate so that an accessory pathway can be interrupted at operation. When arrhythmias are signifi cant, they require treatment. These include atrial ectopic tachycardia, atrial fl utter and fi brillation, atrial reentry tachycardia, and ventricular tachycardia (VT). Therapy may include radiofrequency ablation. 183 Severe cases of Ebstein's anomaly, however, do not do well over the long term. In some cases, cardiac transplantation is required. 184 Coarctation of the Aorta By far, the most common congenital aortic obstruction in adults is coarctation of the aorta (COA, which in adults is almost always at or just distal to the ligamentum arteriosum and the takeoff of the left subclavian artery. This anomaly is seen in adults who have hypertension in the arms and in whom there is a decrease in the pulse pressure of the femoral arteries. It is twice as common in men and is sometimes seen in patients with Turner syndrome. [185] [186] [187] Sometimes there is a discrepancy between the blood pressure in the two arms. This may occur because the coarctation is proximal to the left subclavian artery stenosis or because there is an anomalous origin of the right subclavian artery distal to the coarctation or because the origin of the left subclavian artery is involved in the coarctation and is stenotic.
Physiologically, there is hypertension of the arterial system proximal to the coarctation and normal blood pressure distal to the COA. Outside of infancy, the decreased or absent pulses in the distal arteries are due not to low fl ow but to a narrow pulse pressure. Invariably, in untreated adults, the mean pressure in the distal arterial tree is normal. Flow to the distal aorta is by a number of collaterals via arterial anastomoses involving the internal mammary, intercostal, and superior and inferior epigastric arteries. It has been well demonstrated by Shepherd 188 that fl ow distal to the coarctation is normal at rest and in exercise. This is often not appreciated if it is assumed that impalpable pulses are associated with low fl ow. The difference in the systolic pressure between the upper and the lower halves of the body is determined by the degree of coarctation and by the caliber and the number of the collateral vessels. Hypertension results both from mechanical obstruction, and damping of pulsatile fl ow distal to the coarctation may affect the renin-angiotensin system via the juxtaglomerular apparatus leading to a high renin state.
Mild COA initially may not be associated with hypertension. In general, though, the severity of obstruction is progressive and the natural history of unoperated COA in the presurgical era was ominous with only 10% of patients surviving to age 50 years. Coarctation of the aorta is the most common congenital cardiovascular disease in Turner syndrome.
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Diagnosis
There are seldom symptoms from hypertension alone. Because blood fl ow distal to the coarctation is normal, lower body development is normal, and claudication is not necessarily a part of the clinical picture. In the adult, no symptoms occur until one or more complications develop. 190 The diagnosis is made clinically by the faint or absent pulses in the femoral arteries in the presence of hypertension in the arms. In some instances, the femoral artery pulsations are good, but simultaneous pressure measurements in the arms and legs reveal the systolic pressure in the lower extremities to be somewhat lower than in the arms. A bicuspid aortic valve is present in more than half the cases. 190, 191 Sometimes, the intercostal collaterals are palpable, and murmurs are audible. The chest x-ray study often shows a notch at the site of the coarctation just distal to the aortic arch, the so-called "3" sign ( Fig. 10.24 ), caused by dilatation of the proximal aorta because of the hypertension and poststenotic dilatation distal to the coarctation. There is frequently notching of the posteroinferior border of the ribs after the second rib ( Fig. 10.25 ). These are not directly due to increased fl ow per se in the intercostal arteries but rather to the tortuosity and resulting "knuckling" of the arteries from increased fl ow, the notches corresponding to the knuckling. Mild cases of COA are sometimes found incidentally in the evaluation of a bicuspid aortic valve 192 ( Fig. 10.26 ). Echocardiography is useful to assess the anatomy and function of the aortic valve and the degree of left ventricular hypertrophy and to follow the diameter of the ascending aorta, especially after surgery. Transesophageal echocardiography may or may not visualize the coarctation optimally. Magnetic resonance imaging (MRI) has emerged as the most valuable tool to completely outline the anatomy of the aortic arch in coarctation. 193, 194 It can provide important information that is helpful to direct surgical or interventional catheterization procedures. 195, 196 
Prognosis
The frequently associated congenital bicuspid aortic valve discussed elsewhere infl uences prognosis separately if it progresses to signifi cant aortic stenosis or refl ux. [96] [97] [98] There is an increased incidence of cystic medial changes in the aorta, 197 which may predispose to aortic dissection, the initiation of which may be just above the aortic valve or in the aortic arch. 198, 199 Aortic rupture may occur as an infrequent complication of dissection. Infective endocarditis may occur at the site of coarctation or, more commonly, on the bicuspid aortic valve. The presence of arterial hypertension from birth predisposes to premature cerebrovascular disease and CAD if the hypertension persists into adulthood. 186, 197 Cerebral hemorrhage may occur in 20% of cases as a result of a frequently associated berry aneurysm of the circle of Willis. 200 In women, pregnancy increases the risk for aortic rupture, ventricular dysfunction, and increased hypertension. 201, 202 Most patients who survive childhood reach adulthood without having symptoms but hypertension, until one of the complications supervenes.
Treatment
Treatment in adults should be undertaken as soon as the diagnosis is made. Balloon dilatation is often performed in the pediatric age group, but recurrence is common in native coarctation and has limited enthusiasm. 203, 204 Currently, stents have been used with better outcomes in adolescents and adults. 204 In adults, the most common form of coarctation is a discrete constriction, which is best resected with end-to-end anastomosis. 205, 206 Sometimes signifi cant restenosis occurs, necessitating reintervention. Long tubular coarctation is rare in adults. Cross-clamping of the aorta during surgery does not usually cause ischemia of the kidneys or spinal cord, because most of the distal aortic fl ow is via collaterals. Overall, most patients have been treated with surgery over the years. There appears to be a place for balloon angioplasty with stent placement as an alternative to surgery is some patients. After successful correction in the adult, hypertension often persists but is more readily controlled medically, especially with repair in later adulthood. This persistent hypertension appears to be related to barometer resetting and activation of the renin-angiotensin system. Patients must be followed clinically throughout their lives because of the potential complications associated with hypertension and the frequently associated bicuspid aortic valve.
Complex Congenital Heart Disease
Complex congenital heart disease is a group of diseases in which more than one cardiac abnormality is present, which may or may not be associated with cyanosis.
Without Cyanosis
Congenital heart diseases without cyanosis have been alluded to in separate categories. Their clinical presentation is a composite of their individual pathophysiology. Such combinations include atrial septal defects with one or more anomalous pulmonary veins, [66] [67] [68] [69] Shone's syndrome, 172 Williams syndrome (supravalvar aortic stenosis) and peripheral pulmonary artery stenoses (with characteristic facies), aortic insuffi ciency and mitral insuffi ciency with Marfan syndrome, 207 coarctation of the aorta or ventricular septal defect with Turner syndrome, 187 pulmonic stenosis or AV canal defect in Noonan syndrome, 153 and various degrees of AV block with endocardial cushion defects, from fi rst-to second-to thirddegree AV block.
With Cyanosis
These conditions involve TGA. Three categories of great vessel transposition can be seen in the adult: Dtransposition, L-transposition, and double-outlet RV.
D-Transposition (Complete Transposition) of the Great Arteries (D-TGA)
This form of transposition of the great arteries involves virtually a direct switch between the two great arteries so that the aorta arises anteriorly from the RV and the pulmonary artery arises posteriorly from the LV 208 (Figs. 10.27, 10.28, 10.29). It is evident that without intercommunication, these would be two closed circuits that are incompatible with life. Therefore, there must be a shunt at the atrial level (most common) or at the ventricular level, or else a large PDA. In patients with an ASD or VSD, pulmonary stenosis may be present, which "protects" the pulmonary vasculature. 209 Uncorrected D-TGA is compatible with survival into adulthood, but patients are invariably cyanotic. Because the disability is obvious in childhood, these patients now undergo surgery before they reach adulthood. Echocardiography 208, 210 is the diagnostic modality of choice. Cardiac catheterization is essential to characterize the pulmonary vasculature for any consideration of surgery. Surgical treatment for this condition has undergone considerable evolution, from "atrial switching" (actually rerouting of venous blood to the appropriate ventricle) to present-day methods, including arterial switching.
208,211
Tetralogy of Fallot
Tetralogy of Fallot (TOF) consists of a large ventricular septal defect in the usual position, together with pulmonary stenosis, either valvar or infundibular, or both. 212 The large VSD results in equal pressure in the two ventricles. The two other features constituting the "tetralogy" are right ventricular hypertrophy and overriding of the ventricular septum by the dilated aorta. This malformation is compatible with surviving into adulthood. 213, 214 The more severe the PS, the greater the degree of right-to-left shunting at the ventricular level ( Fig. 10.30) . The more complete the arterial desaturation, the greater the disability. Such patients not only are prone to the usual complications of cyanotic heart disease (e.g., endocarditis, brain abscess, and complications of marked erythrocytosis) but may also experience sudden death, which has been attributed to spasm of the infundibulum. 215 Lesser degrees of PS result in a lesser degree of right-to-left shunting, with a modestly decreased exercise capacity but with the ability to perform most normal activities. In some patients, the degree of PS is such that the patient is not visibly cyanotic at rest but only with exercise; such patients are said to have tardive cyanosis. 216 The usual clinical fi ndings in the adult are cyanosis and clubbing of the digits and a loud, harsh pulmonary ejection murmur with spilling over A 2 to a very soft P 2 of the second heart sound, or P 2 may even be absent. This murmur is often well heard in the neck, and such radiation should not mislead one into thinking that this is of aortic origin. Frequently, there is a systolic ejection sound that arises in the dilated ascending aorta. A faint blowing diastolic murmur of pulmonary insuffi ciency is sometimes heard either starting with P 2 or, when P 2 is inaudible, starting after a gap from A 2 . Note the kyphoscoliosis, which is not uncommon in cyanotic congenital heart disease.
The chest x-ray ( Fig. 10.31 ) is characterized by a somewhat globular heart of normal size, and on the lateral view a prominent RV can be seen "hugging" the sternum. There may be a right-sided aortic arch, which deviates the esophagus and the sternum slightly to the left. If the pulmonary stenosis is purely valvar and tricuspid, as occurs in about 20% of these cases, poststenotic dilation of the pulmonary trunk and left pulmonary artery occurs. 217 With the much more common infundibular stenosis, the left heart border is concave because the pulmonary trunk is relatively small. This stenosis usually creates a "third chamber" just subjacent to the pulmonary valve. 206, 207 The ECG shows RV hypertrophy (RVH), often with a right bundle branch block pattern. Echocardiography shows the large VSD, the overriding large aorta, the pulmonary valvar or infundibular stenosis with the systolic gradient by Doppler, and RVH. Cardiac catheterization can quantify the pulmonary artery pressure and the PVR and can measure the systolic gradient between the pulmonary artery and the RV. By careful catheter withdrawal, it is possible to quantify the systolic gradient across the valve and also across the infundibulum, if both coexist. Right ventriculography can indicate the size and the location of the ventricular septal defect, and biplanar angiography demonstrates the extent of the infundibular stenosis, if present ( Fig.  10.32) . Sometimes, unusual moderator bands can mimic classic infundibular stenosis.
PROGNOSIS
Patients who reach adulthood with uncorrected tetralogy of Fallot used to be common, but now the vast majority of such patients are diagnosed in childhood and undergo surgery. 169, 170 Patients who have had a surgically placed Potts shunt or a Waterston anastomosis may experience signifi cant rise in PVR, 169, 170 unlike those who have undergone the single Blalock-Taussig anastomosis, 218 in which pulmonary vascular changes are exceedingly rare. However, a double BlalockTaussig anastomosis may result in volume overload of the LV (Fig. 10.33 ). 
TREATMENT
The fi rst palliative operation for cyanotic congenital heart disease with pulmonic stenosis was the Blalock-Taussig anastomosis (B-T shunt), anastomosing the subclavian artery to the pulmonary artery, resulting in signifi cant functional improvement, with many patients reaching adulthood. 218 Surgical correction now consists of closure of the VSD and relief of the PS. 169, 170 If the PS is valvar, the entire procedure can be performed transatrially for both the closure of the VSD and the pulmonary valvotomy. In patients in whom the PS is largely infundibular, it may be necessary to expand and roof the outfl ow tract and the pulmonary trunk by incision and patching. In general, the postoperative results of such surgery have been extremely gratifying, with restoration of full functional capacity. 169, 170, 219, 220 However, late sequelae may include recurrent supraventricular tachyarrhythmias related to the atriotomy, ventricular tachycardias related to ventriculotomy, and mild right-sided CHF resulting from ventriculotomy and pulmonary regurgitation. 169, 170, 219, 220 Such CHF is uncommon, but when it exists, it occurs mostly in patients who have undergone ventriculotomy, either to close the VSD or to open up the infundibular stenosis rather than using the transatrial approach.
Many patients with TOF have a mild degree of aortic insuffi ciency, which is related more to the dilatation of aortic root than to intrinsic valvar disease. This is almost never of clinical signifi cance. Over the long term, many problems remain in patients who have undergone "total correction": impaired right heart function, decreased exercise intolerance, and especially rhythm disorders. 169, 170, [219] [220] [221] [222] Pulmonary Atresia with Ventricular Septal Defect (Pseudotruncus Arteriosus) Pulmonary atresia may be associated with a large VSD and is sometimes considered the extreme version of the tetralogy of Fallot.
168 A more uncommon situation exists when the pulmonary atresia is seen with an intact ventricular septum (PA-IVS) and a small RV that is drained by large coronary sinusoids. The latter is almost never seen by cardiologists treating adults. 223 Pulmonary atresia associated with a VSD (PS-VSD) is more usefully thought of clinically as an entity apart from the tetralogy of Fallot. 168 The clinical manifestations and the surgical considerations are quite different. The pulmonary circulation is derived entirely from large anomalous arteries that arise from the descending aorta, often called bronchial arteries 224 ( Fig. 10.34 ). At the junction of these arteries with the pulmonary arteries, it is common to observe signifi cant stenosis, so that the distal pulmonary arteries may be of relatively normal pressure. Pulmonary atresia can range There is a rather dilated ascending aorta, no pulmonary trunk is seen, and the pulmonary vasculature fi lls from "bronchial" arteries that arise from the descending aorta.
from mere atresia of the pulmonary valve, which is uncommon, to atresia of the pulmonary trunk and often atresia of the proximal left and right pulmonary arteries. These patients are markedly cyanotic. A characteristic feature on clinical examination is the presence of a continuous murmur throughout the chest, arising from the stenoses of the bronchopulmonary anastomoses. The chest x-ray demonstrates a large ascending aorta and aortic arch, and absence of the pulmonary trunk and the left and right pulmonary arteries (Fig. 10.35 ). There are bronchial arteries arising from the descending aorta. Echocardiography can identify the absence of a pulmonary artery in the presence of a large ventricular septal defect. Cardiac catheterization is essential for the measurement of pressures in the distal pulmonary arteries. This is a very diffi cult procedure, which involves cannulating the bronchial arteries arising from the descending aorta and threading the catheter into the distal arteries beyond the stenoses. All the arteries arising from the descending aorta that are supplying the pulmonary vasculature should be thus cannulated.
Arteriography of each of these vessels is also important to defi ne the anatomy. If the anatomy is suitable and the PVR acceptable, some of these patients can be considered for staged open-heart surgery to establish continuity between the RV and the pulmonary arteries. 223 This can be performed only in highly selected individuals and carries a signifi cant surgical risk.
Hypoplastic Left Heart Syndrome
Hypoplastic left heart syndrome is an unusual lesion in adult congenital cardiology clinics. Until the 1980s, this complex was almost universally fatal in the fi rst year of life. 225 In 1982, Norwood reported his initial experience with a complex palliation that has subsequently become known as the Norwood procedure. 226 Classic hypoplastic left heart syndrome (HLHS) consists of mitral atresia or severe mitral stenosis, aortic atresia or severe aortic stenosis, left ventricular hypoplasia which is usually severe, and hypoplasia of the ascending aorta. Over the past two decades, the Norwood procedure has become standard therapy in most centers, and in the future a cadre of these patients will survive into adulthood.
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Double-Outlet Right Ventricle
A double-outlet RV (DORV) is rarely seen in the adult. Both the aorta and the pulmonary artery arise from the RV. 230 The relationship of the great arteries is more or less usual. There is an obligatory VSD. 230 When the VSD is under the aortic valve (Taussig-Bing anomaly), cyanosis is minimal or mild, with left ventricular blood fl owing preferentially into the aorta and pulmonary fl ow coming chiefl y from the RV. Right ventricular blood goes to both great vessels but primarily to the pulmonary artery. When the VSD is subjacent to the pulmonary valve, the situation physiologically resembles that of D-transposition of the great vessels with ventricular septal defect. Diagnostic confi rmation is by echocardiography 230 and by cardiac catheterization and angiography 230 for consideration of surgical correction. 231, 232 Tricuspid Atresia Tricuspid atresia 233 is unusual but is compatible with survival to adulthood, providing that there is a coexisting VSD. 233, 234 This anomaly never occurs alone because live birth obligates patency of the foramen ovale or, more commonly, a secundum type of ASD. In patients who survive to adulthood, coexisting PS or subpulmonary stenosis is virtually always present. About one fourth of the patients also will have transposition of the great arteries, with the aorta arising from a hypoplastic right ventricle. Patients with tricuspid atresia are invariably cyanotic because there is mixing at both the atrial and at the ventricular level. The degree of disability largely depends on the degree of arterial desaturation. This, in turn, depends on the magnitude of pulmonary blood fl ow. Patients with a large VSD and mild PS will have the most pulmonary blood fl ow and be the least cyanotic initially. Over time, though, there will be high pulmonary blood fl ow and pulmonary vascular disease will develop. If pulmonary vascular disease develops, standard single ventricle palliations such as the Fontan procedure will be impossible. 235 Clinically, there is always marked cyanosis with clubbing. The characteristic murmur of pulmonary stenosis can be heard. There is some degree of cardiomegaly. On chest xray study, the enlarged heart is somewhat bottle shaped, with normal or somewhat decreased pulmonary vasculature ( Fig.  10.36 ). There may be associated skeletal anomalies, such as pectus excavatum and kyphoscoliosis.
The ECG shows left axis deviation in patients with normally related great arteries and normal axis in patients with D-TGA. The P waves are often large and bizarre (Figs. 10.37 and 10.38). Atrial arrhythmias are common, especially atrial fi brillation and atrial fl utter ( Fig. 10.39 ). In some patients, preexcitation or Wolff-Parkinson-White (WPW) syndrome is notable on the ECG. 236 The echocardiogram demonstrates an absence of the infl ow portion of the right ventricle. There is an ASD with obligate right-to-left shunting, a functionally single ventricle communicating with a rudimentary ventricle via a VSD, and often PS. There may be transposition of the great arteries.
Cardiac catheterization provides important information if a Fontan procedure is contemplated. 235 The PVR must be carefully quantifi ed and adequacy of ventricular function determined. These can be accurately obtained only with direct measurements of pressures in the pulmonary artery and the two atria and measurement of simultaneous fl ow by the Fick method. Measurement of pulmonary artery pressure is needed to calculate the PVR. Because even a mild elevation of PVR greatly decreased the success of the Fontan procedure, 237 direct measurement is vital. TREATMENT OF TRICUSPID ATRESIA WITH PULMONARY STENOSIS Earlier treatment modalities were directed toward increasing pulmonary blood fl ow by creating systemic artery to pulmonary artery shunts. [238] [239] [240] [241] [242] The earliest treatment was the Blalock-Taussig anastomosis, originally devised for tetralogy of Fallot. 218 In the Blalock-Taussig operation, a signifi cant portion of the partially oxygenated arterial blood is recycled into the pulmonary vasculature for more complete oxygenation. The Glenn procedure (anastomosis of the superior vena cava to the right pulmonary artery) is another palliative modality. 243 In the Glenn procedure, no true shunt is involved, because the operation allows the superior vena cava to bypass the right heart and empty directly into the pulmonary artery. However, blood from the inferior vena cava continues to shunt from right to left, so that although there is some clinical improvement, the increasing desaturation of the inferior vena cava blood associated with work by the lower extremities, such as walking and running, results in shunting of increasingly desaturated blood and therefore a considerable limitation of exercise capacity.
In 1971, Fontan and colleagues 237 devised an ingenious procedure to separate the pulmonary and systemic circulations. The original procedure entailed closing the ASD, closing the stenotic pulmonary valve, and anastomosing the RA to the pulmonary artery by means of a conduit. A modifi cation in which the communication between the RA and the pulmonary artery is achieved by anastomosing the right atrial appendage to the pulmonary artery avoids the use of prosthetic material. 244 In this arrangement, fl ow proceeds from the venous system to the LA entirely by the pressure gradient between the RA and the LA. Two obligatory conditions must be met for this to succeed: a virtually passive pulmonary vascular bed (i.e., an unequivocally normal PVR) and a completely normal left ventricular fi lling pressure. 245 When these conditions are rigidly met, this operation is surprisingly successful and the patients are able to live relatively normal lives with normally saturated arterial blood. However, the cardiac output response to exercise is somewhat limited and, therefore, so is the maximal exercise capacity. 245 The long-term results are uncertain but it appears that a significant portion of this increasingly large patient population will require cardiac transplantation. [246] [247] [248] [249] In adulthood, palliative shunts should be performed only when the physiologic conditions preclude a Fontan procedure and the degree of cyanosis is severe.
Truncus Arteriosus
Truncus arteriosus is an incomplete septation of the ascending aorta and the pulmonary trunk. 250, 251 The semilunar valve is a single truncus valve, which in most cases consists of three cusps but may be either quadricuspid or bicuspid. It is commonly insuffi cient, sometimes markedly so, and straddles a VSD. 250 Truncus defects are divided into three types. 250 Type I has a common trunk, but this gives rise distally to recognizably separate ascending aorta and pulmonary trunk ( Fig. 10.40) . In type II, the truncus extends up to the right and left pulmonary artery bifurcations, there being no separate pulmonary trunk ( Fig. 10.41) . In type III, the left and right pulmonary arteries arise from either side of the truncus. In adults, the most common type is a type I truncus. 252 Such patients have a regurgitant truncal valve, a common mixing chamber, and Eisenmenger's physiology. In the very young patient, the PVR may be somewhat less than the SVR, so that surgical correction can be attempted. By adulthood, the PVR is markedly elevated, and few if any of these patients are candidates for corrective surgery. The remaining possible treatment is heart-lung transplantation. When patients are operated on in childhood, the results are promising for survival to adulthood. 253 The clinical examination classically reveals cyanosis and clubbing. 251 There is usually no systolic murmur, but occasionally one may be heard. The early diastolic blowing murmur of truncal valve insuffi ciency is characteristic. Depending on the degree of truncal valve insuffi ciency, the heart may or may not be enlarged. Chest radiography is characterized by a cardiac silhouette with a wide waist, which is the markedly dilated truncus arteriosus. The pulmonary vasculature is similar to that in Eisenmenger's complex (i.e., large central pulmonary arteries and no evidence of increased pulmonary fl ow). 251 Echocardiography readily visualizes the truncal arteriosus and the truncus valve and can distinguish the truncus subtype. Cardiac catheterization is important in characterizing the pulmonary vasculature, especially if there is any consideration of repair, because the PVR would need to be signifi cantly less than the SVR.
Note should be made of a commonly used term, pseudotruncus arteriosus, which is really pulmonary atresia with VSD. Despite the single arterial outfl ow from the two ventricles, this is really not a variant of truncus arteriosus, because the single outfl ow is the ascending aorta and not a truncus, and the valve is a competent tricuspid aortic valve rather than a truncal valve. Pulmonary blood fl ow in this lesion is via bronchopulmonary anastomoses, as described earlier.
Aortopulmonary window or aortopulmonary septal defect is a separate entity, different from truncus arterio- sus. 254 In this condition, there is a "window" in the septum between the aorta and the pulmonary trunk. The aorta and the pulmonary trunk have separate semilunar valves, and the window does not go down to and involve the semilunar valves. If the window is large, the adult patient presents with Eisenmenger's syndrome (Fig. 10.42 ). Smaller windows may protect the pulmonary vasculature and allow closure of the defect.
Congenitally Corrected Transposition
Numerous attempts at standardizing the nomenclature of this anomaly have been attempted but none has ever been completely satisfactory. These include L-transposition of the great arteries (L-TGA), corrected transposition (CC-TGA), congenitally corrected transposition, and ventricular inversion. The most precise description is atrioventricular discordance or ventricular inversion. This "inversion" involves both the AV valves and the semilunar valves, so that the venous ventricle is the anatomic LV, the arterial ventricle is the anatomic RV, and the crista supraventricularis is on the left, as is the tricuspid valve, whereas the mitral valve is the right AV valve. The AV conduction system goes down the left side of the heart. The atria are not involved, and therefore the venous return to both atria and the coronary sinus is in the normal position. However, the aortic root and the pulmonary trunk do not have an anteroposterior relationship but rather a side-by-side relationship, so that the aortic root forms the left heart border and the pulmonary trunk arises medially. Were there no other abnormalities, this would be a functionally "normal" heart and therefore would not belong under the rubric of cyanotic congenital heart disease. 255 However, such normal hearts are uncommon, and in such cases, two common features in the natural history make it unlikely that these patients will have a normal heart for the rest of their natural lives. These patients are prone to develop AV block, which may progress to third-degree block with a narrow QRS. 255, 256 Although they may have Adams-Stokes attacks, this is a less common manifestation, but exercise tolerance may become limited because of the inadequate chronotropic response to exercise. Furthermore, the leftsided AV valve (i.e., the tricuspid valve) is prone to dysplasia or to Ebstein's anomaly. 254 If the patient survives into adulthood, this Ebstein's anomaly is not apt to be severe, but the valve becomes insuffi cient because of systemic pressure in the arterial ventricle. This may therefore necessitate subsequent valve replacement. 255, 256 In the vast majority of patients who reach adulthood, there is communication at the ventricular level associated with pulmonary stenosis. A ventricular septal defect or sometimes even a functionally common ventricle may be present. Such patients are always cyanotic but have a pulmonary vasculature that is "protected" against the development of pulmonary hypertension. The physical examination fi ndings are those of severe PS, together with cyanosis and clubbing. The chest x-ray shows a normal heart size, very often with a straight left heart border, this being the ascending aorta (Figs. 10.43 and 10.44 ). The heart may have an unusual contour if the inverted RV is prominent (Fig. 10.45 ). The ECG The heart is moderately enlarged, and the central pulmonary artery is distinctly enlarged, whereas the peripheral pulmonary vasculature is normal. The main pulmonary artery is huge (arrow) as a result of long-standing pulmonary hypertension. The echocardiogram is characteristic. 255 The inversion of the ventricles can be identifi ed by the presence of the crista supraventricularis in the arterial ventricle, the clearly switched AV valves, and the unusual position of the two semilunar valves. Because the aorta and the tricuspid valve are now on the same side, the aortic valve and the left-sided (tricuspid) AV valve are not in continuity, as would be the relationship between the aortic and the mitral valves in the normal heart. Ebstein's anomaly of the left-sided AV valve can also be visualized if present. The VSD and PS can be further identifi ed. For purposes of possible surgical treatment, one needs to know whether the ventricular communication is a functionally common ventricle or a large VSD.
Cardiac catheterization is important for characterizing the hemodynamics, including ventricular function, the degree of pulmonary stenosis, and the PVR. These data are especially important in patients who have a common ventricle, with the possibility of a modifi ed Fontan procedure as a therapeutic option. Angiography can quantify the degree of left AV valve insuffi ciency and the respective positions of the two great arteries. The pulmonary stenosis can be confi rmed as being either valvar or subvalvar. Angiography also helps to detail the anatomy of the coronary arteries, which undergo a curious "rotation."
Patients who start out in life with a "normal" heart usually have trouble eventually with the supervention of various degrees of heart block and with insuffi ciency of the left-sided AV valve. The prognosis for patients who have VSD with PS has improved considerably with modern surgical therapy. However, these patients are still susceptible to infective endocarditis. Even with correction of the left-sided AV valve insuffi ciency, the anatomic RV may not perform optimally over the years. 257, 258 TREATMENT The treatment of this lesion is surgical. 255, 258 Because the clinical profi le of such patients closely resembles that of tetralogy of Fallot, many of them have undergone a BlalockTaussig shunt anastomosis with marked improvement in functional capacity and arrive at adulthood only mildly cyanotic. 259 Although they may not be functional class I, they may still be quite functional but receptive to future surgical procedures. 260, 261 For patients who have an ventricular septal defect and pulmonary stenosis, closure of the VSD and pulmonary valvotomy would seem reasonable. The approach to the defect from the right side in this lesion, however, is technically FIGURE 10.45. Posteroanterior radiograph of a patient with corrected transposition, ventricular septal defect, and pulmonary stenosis. The heart is slightly enlarged, and the pulmonary vasculature is within normal limits. There is a prominent bulge at the left heart contour (arrows), representing the inverted right ventricle. The pulmonary segment is absent because the main pulmonary artery lies centrally within the mediastinum and is no longer border forming. diffi cult. Patients with a common ventricle and pulmonary stenosis may be eligible for a modifi ed Fontan procedure, 235, 237, 244 provided that the PVR and ventricular fi lling pressure are normal. This can be accomplished by converting the heart into one with tricuspid atresia by closing the tricuspid valve and placing a conduit between the RA and the pulmonary artery.
Great Vein Malpositions
Partial Anomalous Pulmonary Venous Return (Connection) Partial anomalous pulmonary venous return (PAPVR) is physiologically similar to left-to-right shunting at the atrial level. 262 There may be one, two, or three pulmonary veins that are anomalously connected, and they may drain together or separately into the innominate-superior vena cava system, coronary sinus, RA, or inferior vena cava. These constitute pure left-to-right shunts. When all four pulmonary veins connect anomalously (i.e., total anomalous pulmonary venous connection, TAPVC) and drain eventually into the RA, there is an obligatory ASD, the RA becoming a mixing chamber, with right-to-left shunting at the atrial level.
Total Anomalous Pulmonary Venous Connection
Total anomalous pulmonary venous connection is uncommon in the adult. 262 The most common form is type I, in which the pulmonary veins drain via a large ascending vertical vein into the left innominate vein and then to the superior vena cava. Less common is type II, in which the veins drain into a left superior vena cava and then into the coronary sinus. In type III, the pulmonary veins join to form a long anomalous vein into the inferior vena cava or even into the portal vein. Type III is not seen in adults and, if not corrected during the fi rst few weeks of life, is usually fatal. One may also see a combination of connections, with the veins draining separately but ultimately into the RA. 262 In all situations, the oxygen saturation in all four chambers should in theory be identical, but in fact, this is not necessarily so. Drainage into the inferior vena caval system causes the relatively more oxygenated blood to stream preferentially through the ASD so that the left heart chambers are somewhat more saturated than the right heart chambers. When the connections are by the superior vena caval system, there is apt to be more nearly equal saturation in all four chambers. If all four veins drain to the coronary sinus, the right ventricle and the pulmonary artery may have a higher oxygen content than the left side of the heart. Clinically, patients may exhibit cyanosis and clubbing, but the cardiac fi ndings are similar to those of the secundum type of ASD, with a wide, fi xed splitting of the second heart sound and a hyperactive LV. The ECG is also similar, with incomplete right bundle branch block with rSR´ in lead V 1 and a normal frontal plane QRS axis. The chest x-ray is most striking if all four pulmonary veins drain into a venous sinus, then into a common vertical vein and into the innominate vein, and then to the superior vena cava. The marked dilatation of this system gives rise to the so-called "snowman" or "fi gure-eight" confi guration of the heart and great vessels ( Fig. 10.48 ). The echocardiogram can identify the drainage site of most or all of the pulmonary veins if the echocardiographer is compulsive in identifying all pulmonary veins or alerted beforehand to the diagnosis. Sometimes a transesophageal echocardiogram may be required. Cardiac catheterization is helpful in obtaining the oxygen saturations in all cardiac chambers and in the pulmonary artery and aorta to give one a clue as to the likely connections. The anomalous connections can be individually cannulated, and angiograms of these anomalous veins and the exact anatomy are extremely helpful to the surgeon, especially if they drain to different sites (Fig. 10.49 ). It may be necessary to explore the superior vena cava and innominate vein, the coronary sinus, and the inferior vena cava. Selective indicator dilution curves in the four pulmonary arteries or selective angiography of these vessels can help identify the connections if the anomalous veins are not draining together. Today, computed tomography (CT) and MRI are increasingly used to identify the pulmonary venous anatomy. 263 
Treatment
The treatment is surgical. The type of connection that is most readily amenable to surgery is anomalous pulmonary venous connection of the snowman type, by a side-to-side anastomosis of the common venous sinus to the LA and ligation of the vertical vein.
Coronary Artery Anomalies
Coronary artery anomalies can be divided into four types. [265] [266] [267] The fi rst is anomalous origin of the right coronary artery from the left coronary artery, or a branch of the left coronary artery from the right coronary artery, or if the left anterior descending coronary artery and the circumfl ex artery have separate ostia. These patients are asymptomatic and do well unless they acquire coronary atherosclerosis.
A second type is an ectopic course of the left coronary artery, so that instead of coursing anterior to the pulmonary artery, it goes between the aorta and the pulmonary artery. 266 Sudden deaths have been reported with this anomaly. It is likely that the pathophysiology is not compression of the coronary artery between the aorta and the pulmonary artery, as has been suggested, because the pulmonary artery is essentially a low-pressure vessel. Rather, the course of the coronary artery shortly after its origin from the aorta is at a somewhat acute angle, which, during vigorous exercise, may become more acute, with resultant myocardial ischemia. The other anomaly in this group is myocardial bridging, in which the epicardial coronary artery dives under the myocardium and then reemerges. During systole, the vessel undergoes compression. Most such cases are asymptomatic, but an occasional patient has angina and a positive stress test result that is relieved when the bridging is unroofed. 268, 269 A third anomaly involves fi stulas between the coronary arteries and the ventricular cavity. 270 A coronary artery may empty distally directly into a cardiac chamber. This more commonly involves the right coronary artery, which drains into the RV. More often, the coronary artery drains into a telangiectatic structure, which then empties into the RV. Clinically, such patients are usually asymptomatic, but the physical examination may reveal a soft, continuous murmur over the precordium, more commonly near the left sternal border if the right coronary artery is involved. If the shunt is large, there may be a "steal" phenomenon, which may rarely cause angina. The treatment may be either surgical or selective embolization of the distal telangiectatic lesion. Angiographically, this lesion is seen at the terminus of a greatly enlarged coronary artery as a "puddle" from which contrast enters the RV. Fistulas of small coronary arterial branches are sometimes seen in routine angiograms and are of no hemodynamic signifi cance.
If coronary artery fi stulas are asymptomatic, it seems that they can be safely watched. Although the details of the lifelong mortality risk of such an anomaly are not entirely known, the evidence that exists suggests that the mortality risk of such fi stulas is extremely small and would not necessarily warrant surgical intervention. 271 Finally, there may be an anomalous origin of a coronary artery from a pulmonary artery. 272 In this situation, the effect is that of a large coronary artery steal because the pulmonary artery is under low pressure. Therefore, anomalous origin of the left coronary artery from the pulmonary artery is seen less commonly in adults because it is usually symptomatic or fatal in childhood unless it is treated. Formerly, the recommended treatment was ligation of the anomalous artery, but current treatment involves both ligation of the anomalous coronary artery at its takeoff from the pulmonary artery and bypass grafting. In the adult, anomalous origin of the right coronary artery from the pulmonary artery is somewhat more common and is usually asymptomatic, although it has been implicated in sudden death.
Aneurysms of the Sinus of Valsalva
Congenital aneurysm of the sinus of Valsalva is caused by a weakness at the junction of the aortic media and annular fi brosis of the aortic valve. 273 By far the most commonly involved sinus is the right aortic sinus. The aneurysm usually protrudes into the outfl ow tract of the RV or, less commonly, into the RA. Aneurysm of the posterior sinus is much less common, and that of the left coronary sinus is extremely rare. An aneurysm of the sinus of Valsalva is asymptomatic until it ruptures, at which time a sudden large left-to-right shunt develops into the RV or RA, with dyspnea due to pulmonary congestion and even pulmonary edema. 274 The physical fi ndings are those of an arteriovenous fi stula (i.e., a loud, continuous murmur over the precordium). The diagnosis is made clinically by the history and physical fi ndings and is corroborated by echocardiography, which can locate the fi stula and visualize the shunt. This can also be accomplished by aortic root angiography. The treatment is surgical. The sinus of Valsalva aneurysm itself is a potential site for infective endocarditis and occasionally is the cause of rupture.
Pregnancy and Congenital Heart Disease
During pregnancy, there is an increase in intravascular volume starting in the second trimester, reaching a peak at 32 weeks, and declining slightly thereafter until term. 201, 220, 275 There is a corresponding rise in cardiac output owing to the increased volume and the vascularity of the gravid uterus. 276, 277 During the fi rst stage of labor, the hemodynamic alterations are intermittent and transient. The pulmonary artery wedge pressure may rise with each uterine contraction and fall promptly with relaxation, the rise in pulmonary wedge pressure being due to a sudden increase in intravascular volume by up to 500 mm Hg, caused by the contracting uterus. During the second stage of labor, however, vigorous bearing down constitutes a series of giant, prolonged Valsalva maneuvers. During the third stage, there is a loss of blood of about 500 mL and a transient rise in cardiac output without a signifi cant change in arterial blood pressure, which translates into a lower SVR. [277] [278] [279] Patients with noncyanotic heart disease with left-to-right shunting and normal to moderately elevated PVRs usually tolerate pregnancy well. 280, 281 Patients with ASD, PDAs, small-to-moderate VSDs, and mild valvar stenosis or insuffi ciency can also be safely carried through pregnancy. Coarctation of the aorta carries a higher risk during pregnancy because of possible aortic dissection, aortic rupture, or subarachnoid hemorrhage from a berry aneurysm, which is sometimes associated with coarctation of the aorta. 282 In all of these situations, salt restriction to prevent a disproportionate rise in the intravascular volume is of great importance. It is especially important in coarctation of the aorta, in which management of the intravascular volume should coincide with control of hypertension, if present. Salt restriction may also help to control hypertension. However, if drug therapy becomes necessary, the inevitable question of fetal toxicity arises. Verapamil has been used during pregnancy to treat fetal tachycardias without documented fetal toxicity. However, nifedipine has been associated with a high rate of cesarean section and low-birth-weight infants. The betablockers propranolol and atenolol have been associated with low birth weight, tachycardia, and hypoglycemia. Metoprolol has been well tolerated, as has labetalol. There have been rare reports of adverse effects on the fetus with angiotensin-converting enzyme (ACE) inhibitors. Diuretics have not been shown to be directly deleterious to the fetus, although they may decrease placental perfusion. The combination of thiazide diuretics and methyldopa has apparently been shown to be safe and effective. There have been reports, however, that thiazides, which cross the placental barrier, are associated with neonatal thrombocytopenia and hyponatremia. Thus, drugs should be reserved for pregnant women who have clearcut hypertension that cannot be controlled with salt restriction alone. 281 In patients who have mechanical cardiac prostheses 280 or who might have thromboembolic phenomena caused by secondary erythrocytosis in cyanotic heart disease, use of warfarin should be avoided because of its substantial teratogenicity and fetal wastage. Heparin does not cross the placental barrier because of its molecular size and is the drug of choice for anticoagulation. 283 In the presence of erythrocytosis, self-administration of subcutaneous heparin is practical. 284 For mechanical prostheses, however, more careful monitoring of the activated partial thromboplastin time is necessary, and intravenous administration of heparin via a heparin lock may be necessary. It is precisely these considerations that may make it advisable for women of childbearing age who have severe congenital valve disease necessitating valve replacement to opt for a bioprosthesis, if they wish to bear children, with the full understanding that a second operation will in all likelihood be necessary some years later, after childbearing has been completed.
For cardiac arrhythmias, digoxin has a long history of safety in pregnancy. Although by itself, it may not be especially effective, in combination with other drugs, it can be useful. 285 In general, quinidine has had a reasonable record of safety, although rarely it causes damage to the eighth cranial nerve of the fetus. Disopyramide, verapamil, metoprolol, and labetalol have a reasonable safety record. 286, 287 The conduct of labor in patients with serious valve disease and cyanotic heart disease optimally should include Swan-Ganz catheterization for monitoring of the pulmonary artery wedge and right atrial pressures, constant blood pressure monitoring, and oximetry. 288 Vaginal delivery, with shortening of the second stage of labor by forceps delivery, if necessary, is feasible in most patients. However, intractable and serious elevation of the pulmonary artery wedge pressure, signifi cant fall in arterial oxygen saturation, or intractable hypertension or hypotension or fetal distress should raise a serious consideration of cesarean section.
The fi rst stage of labor usually does not cause serious hemodynamic disturbances, except transiently during contractions. However, the second stage should be shortened by forceps if safely feasible, and anesthesia, which minimizes vasodilatation, should be given. The third stage may be dangerous in cyanotic patients, in whom the fall in SVR after delivery, combined with blood loss, may suddenly increase right-to-left shunting. The fall in blood pressure and arterial desaturation may cause progressive deterioration, with a fatal outcome. Therefore, every effort should be made to replenish lost intravascular volume and to maintain blood pressure and adequate oxygenation. Such patients should have been typed and cross-matched, with blood available and arterial vasoconstrictors on hand to maintain the blood pressure and thus increase the SVR if necessary if sudden hypotension occurs. Cesarean section itself is not without risk. There is the risk posed by general anesthesia, the greater blood loss, and the supine hypotension phenomenon of pregnancy (postulated to be due to compression of the inferior vena cava by the gravid uterus). Therefore, cesarean section is an option only when it appears that vaginal delivery is posing an unacceptable risk. 277, 289 Eisenmenger's syndrome carries a high risk, as high as 38%, and causes considerable fetal wastage. 281 Intrapartum open-heart surgery is almost never necessary with careful medical management and is associated with a high incidence of fetal wastage. Patients with tight aortic or pulmonic valve stenosis may be considered for balloon dilatation, preferably well after the fi rst trimester but before the intravascular volume has peaked. 290 In general, with careful medical management, most women with congenital heart disease can carry a pregnancy safely to term, with the risk being somewhat higher in cyanotic congenital heart disease. The risk is not only to the mother but also to the fetus, because fetal wastage is higher in cyanotic conditions. The causes are not entirely clear but are probably multifactorial because fetal hemoglobin saturates at relatively low oxygen tensions. The placental circulation is probably adversely affected by low oxygen tension and erythrocytosis. 291 Women with repaired cyanotic heart disease, such as transposition of the great arteries, may successfully complete pregnancy 292 ; however, maternal and fetal complications, as well as genetic risks do play a role.
